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FOREWORD 


During the past year and a half, many new processes and develop- 
ments in semiconductors have been introduced. The Sixth Edition 
of the General Electric Transistor Manual has been completely 
rewritten and expanded by over 100 pages to include these 
many improvements. 


New processes and developments have been responsible for the 
creation of totally new product lines. These new lines include the 
General Electric Family of Silicon Planar Epitaxial Passivated 
Transistors (PEP), the NPNP Silicon Controlled Switch, PEP 
Controlled Conductance Diodes with ultra fast switching speeds, 
and many other new transistor and diode types. These new devices, 
with their unique characteristics have opened up many new areas 
of applications and have ultimately produced higher reliability, 
less complex circuitry and lower cost. 


At the same time, General Electric has been actively engaged in a 
major program to increase reliability in semiconductor devices by 
several orders of magnitude. The MINUTEMAN Product Improve- 
ment Program is designed to accomplish the reliability objective of 
0.001% failure rate per 1,000 hours. While this product improve- 
ment program is directed specifically to the MINUTEMAN types, 
process improvements developed and confirmed in this activity 
are fed into other product manufacturing lines. This assures con- 
stantly improved devices for circuit applications where reliability 
is of utmost importance. 


The addition of all these latest improvements to your Sixth Edition 
General Electric Transistor Manual will assure its continued use- 
fulness as your handy reference guide. 


H. Brainard Fancher 

General Manager 

Semiconductor Products Department 
Syracuse, New York 
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SEMICONDUCTOR THEORY 


CHAPTER 


In 1833, Michael Faraday, the famed English scientist, made what is perhaps the 
first significant contribution to semiconductor research, During an experiment with 
silver sulphide Faraday observed that its resistance varied inversely with temperature. 
This was in sharp contrast with other conductors where an increase in temperature 
caused an increase in resistance and, conversely, a decrease in temperature caused a 
decrease in resistance. Faraday’s observation of negative temperature coefficient of 
resistance, occurring as it did over 100 years before the birth of the practical transistor, 
may well have been the “gleam in the eye” of the future. 


For since its invention in 1948 the transistor has played a steadily increasing part 
not only in the electronics industry, but in the lives of the people as well. First used in 
hearing aids and portable radios, it is now used in every existing branch of electronics. 
Transistors are used by the thousands in automatic telephone exchanges, digital com- 
putors, industrial and military control systems, and telemetering transmitters for 
satellites. A modern satellite may contain as many as 2500 transistors and 3500 diodes 
as part of a complex control and signal system. In contrast, but equally as impressive, 
is the two transistor “pacemaker,” a tiny electronic pulser, When imbedded in the 
human chest and connected to the heart the pacemaker helps the ailing heart patient 
live a nearly normal life. What a wonderful device is the tiny transistor. In only a few 
short years it has proved its worth — from crystal set to regulator of the human heart. 


But it is said that progress moves slowly. And this is perhaps true of the first 
hundred years of semiconductor research, where time intervals between pure research 
and practical application were curiously long. But certainly this cannot be said of the 
years that followed the invention of the transistor. For since 1948 the curve of semi- 
conductor progress has been moving swiftly and steadily upward. The years to come 
promise an even more spectacular rise. Not only will present frequency and power 
limitations be surpassed but, in time, new knowledge of existing semiconductor mate- 
rials . . . new knowledge of new materials . . . improved methods of device fabrication 
... the micro-miniaturization of semiconductor devices .. . complete micro-circuits . . . 
all, will spread forth from the research and engineering laboratories to further influence 
and improve our lives. 


Already, such devices as the tunnel diode, the mesa transistor, and the high-speed 
diode can perform with ease well into the UHF range; transistors, that only a short time 
ago were limited to producing but a few milliwatts of power, can today produce thou- 
sands upon thousands of milliwatts of power; special transistors and diodes such as the 
unijunction transistor, the high-speed diode, and the tunnel diode can simplify and make 
more economical normally complex and expensive timing and switching circuits, Intri- 
cate and sophisticated circuitry that normally would require excessive space, elaborate 
cooling equipment, and expensive power supply components can today be designed 
and built to operate inherently cooler within a substantially smaller space, and with 
less imposing power components, by designing with semiconductors. In almost all 
areas of electronics the semiconductors have brought immense increases in efficiency 
and in reliability. 

In the short span of years since the advent of the transistor a variety of semi- 
conductor devices haye been developed. Symbols representing these devices are shown 
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in Figure 1.1, Numerous individual types are today commercially available from each 
category to answer the needs of the professional electronic equipment designer, the 
radio amateur, and the experimenter. It goes without saying that with time more and 


newer devices will be added. 
j m 3. 4. 5. fe, 
© E 
B BI B2 
: e e : 


NPN TETRODE 
NPN PNP (ReVORANSISTOR = | FIELD EFFECT| UNIJUNCTION 
TRANSISTOR TRANSISTOR ARROW FOR TRANSISTOR TRANSISTOR 
6, . 8. : 9. ~ 
NPNPOC c * % Oc OA 
TRANSISTOR TUNNEL |BACKWARD DIODE] ZENER OR SYMMETRICAL 
(REVERSE ARROWS SIGNAL DIODE, BREAKDOWN ZENER 
FOR PNPN DEVICE) OR RECTIFIER DIODE DIODE 
A —ANODE B-BASE 


B —BREAKDOWN DEVICE (9 AND 10) E —EMITTER 

B,-BASE ONE G - GATE 

Bo- BASE TWO Ga- ANODE 
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© —CATHODE (7,8,9,11 AND [2 ONLY) * 

C —COLLECTOR (1.2.3 AND 4 ONLY) Ge ee 
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% SEE GE TUNNEL DIODE MANUAL, PI6—I7 


SILICON FOR ADDITIONAL SYMBOL INFORMATION SILICON 
CONTROLLED Se Ee 


SWITCH 


STANDARD SYMBOLS FOR SEMICONDUCTOR DEVICES 
Figure 1.1 


For the most part this chapter is concerned with the terminology and theory of 
semiconductors as both pertain to diodes and junction transistors. The variety of semi- 
conductor devices available preclude a complete and exhaustive treatment of theory 
and characteristics for all types. Such devices as the silicon controlled rectifier and the 
tunnel diode are well covered in other General Electric Manuals;* treatment of the 
unijunction transistor will be found in Chapter 13 of this manual. Other pertinent 
literature will be found in Chapter 21. 

Although a complete understanding of the physical concepts and operational theory 
of the transistor and diode are not necessary to design and construct successful tran- 
sistor circuits, they can be helpful. The professional electronics engineer, the radio 
amateur, and the serious experimenter can all obtain practical and rewarding benefits 
from a general understanding of the basic physics and theory of semiconductors. Such 


*See Reference List 
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understanding will often aid in solving special circuit problems, will help in under- 
standing and using the newer semiconductor devices as they become available, and 
surely will help clarify much of the technical literature that more and more abounds 
with semiconductor terminology. 


SEMICONDUCTORS 


Semiconductor technology is usually referred to as solid-state. This suggests, of 
course, that the matter used in the fabrication of the various devices is a solid, as 
opposed to liquid or gaseous matter — or even the near perfect vacuum as found in the 
thermionic tube — and that conduction of electricity occurs within solid material. “But 
how,” it might be asked, “can electrical charges move through solid material as they 
must, if electrical conduction is to take place?” With some thought the answer becomes 
obvious: the so-called solid is not solid, but only partially so. In the microcosmos, the 
world of the atom, there is mostly space. It is from close study of this intricate and 
complicated “little world,” made up mostly of space, that scientists have uncovered the 
basic ingredients that make up solid state devices — the semiconductors. Transistors 
and diodes, as we know them today, are made from semiconductors, so-called because 
they lie between the metals and the insulators in their ability to conduct electricity. 
There are many semiconductors, but none quite as popular at the present time as 
germanium and silicon, both of which are hard, brittle crystals by nature. In their 
natural state they are impure in contrast, for example, to the nearly pure crystalline 
structure of high quality diamond. In terms of electrical resistance the relationship of 
each to well known conductors and insulators is shown in Chart 1. 


RESISTANCE IN OHMS PER 
MATERIAL wasters CUBE CATEGORY 


Silver Conductor 
Aluminum 


Pure Germanium 50-60 Semiconductor 


Pure Silicon 50,000-60,000 


Because of impurities the R/CM® for each in its natural state is much less than 
an ohm, depending on the degree of impurity present. Material for use in most prac- 
tical transistors requires R/CM®* values in the neighborhood of 2 ohms/CM*. The 
ohmic value of pure germanium and silicon, as can be seen from Chart 1, is much 
higher. Electrical conduction then, is quite dependent on the impurity content of the 
material, and precise control of impurities is the most important requirement in the 
production of transistors. Another important requirement for almost all semiconductor 
devices is that single crystal material be used in their fabrication. To better appreciate 
the construction of single crystals made from germanium and silicon, some attention 
must be first given to the makeup of their individual atoms. Figure 1.2(A) and (C) 
show both as represented by Bohr models of atomic structure, so named after the 
Danish physicist Neils Bohr. 


Mica 10”-10" 
Polyethlene 10"°-10" 


Chart 1 
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BOHR MODELS OF GERMANIUM AND SILICON ATOMS 
Figure 1.2 


Germanium is shown to possess a positively charged nucleus of +32 while the 
silicon atom’s nucleus possesses a positive charge of +14. In each case the total positive 
charge of the nucleus is equalized by the total effective negative charge of the elec- 
trons. This equalization of charges results in the atom possessing an effective charge 
that is neither positive nor negative, but neutral. The electrons, traveling within their 
respective orbits, possess energy since they are a definite mass in motion.* Each 
electron in its relationship with its parent nucleus thus exhibits an energy value and 
functions at a definite and distinct energy level. This energy level is dictated by the 
electron’s momentum and its physical proximity to the nucleus. The closer the electron 
to the nucleus the greater the holding influence of the nucleus on the electron and the 
greater the energy required for the electron to break loose and become free. Likewise, 
the further away the electron from the nucleus the less its influence on the electron. 

Outer orbit electrons can therefore be said to be stronger than inner orbit electrons 
because of their ability to break loose from the parent atom. For this reason they are 
called valence electrons, from the Latin valere, to be strong. The weaker inner orbital 
electrons and the nucleus combine to make a central core or kernel. The outer orbit in 
which valence electrons exist is called the valence band or valence shell. It is the elec- 
trons from this band that are dealt with in the practical discussion of transistor physics, 
as it is rare for inner orbital electrons — those existing at energy levels below the 
valence band — to break loose and enter into transistor action. With this in mind the 
complex atoms of germanium and silicon as shown in (A) and (C) of Figure 1.2 can be 
simplified to those models shown in (B) and (C) and used in further discussion. 

The most important characteristic of most atoms is their valency, the ability of the 
valence band electrons of one atom to bond together with the valence bands of other 
atoms. This important and basic atomic action can be visualized as shown in Figure 1.3. 


*Mass of electron = 9.108 X 10-°5 gram. 
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Figure 1.3 


Through orbit sharing by interchange of orbital position the electrons become 
mutually related to one another and to the parent cores, binding the two atoms together 
in a strong spaced locking action. A covalent bond or electron-pair bond is said to 
exist. This simple concept when applied to germanium and silicon crystals will natu- 
rally result in a more involved action, one the reader may find at first difficult to 
visualize. 

In the structure of pure germanium and pure silicon single crystals the molecules 
are in an ordered array. This orderly arrangement is descriptively referred to as a 
diamond lattice, since the atoms are in a lattice-like structure as found in high quality 
diamond crystals. A definite and regular pattern exists among the atoms due to space 
equality. For equal space to exist between all atoms in such a structure, however, the 
following has been shown to be true: the greatest number of atoms that can neighbor 
any single atom at equal distance and still be equadistant from one another is four. 
Figure 1.4 is a two dimensional presentation of a germanium lattice structure showing 
covalent bonding of atoms. (Better understanding and more clear spatial visualization 
of Figure 1.4 may be had by construction of a three dimensional diamond lattice model 
using the technique shown in Figure 1.5). Figure 1.4 could just as well represent a 
silicon lattice since the silicon atom also contains four electrons in its outer valence 
band. With all valence electrons in covalent bondage no excess electrons are free to 
drift throughout the crystal as electrical charge carriers. In theory, this represents a 
perfect and stable diamond lattice of single crystal structure and, ideally, would be a 
perfect insulator. 


But such perfect single crystals are not possible in practice. Even in highly purified 
crystals, charge carriers are present to freely move about, making the crystal a poor 
conductor rather than a non-conductor. At the start of the manufacturing process 
modern and reliable transistors require as near perfect single crystal material as possible. 
That is, crystal that exhibits an orderly arrangement of equally spaced atoms, free from 
structural irregularities such as grains and grain boundaries as found in polycrystalline 
structures. Polycrystals do not readily allow charge carriers to freely flow and are 
impractical to reproduce with any regularity. Futhermore, surface structure varies 
considerably from crystal to crystal and makes reproduction of transistors to definite 
specifications difficult. 
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TWO DIMENSIONAL GERMANIUM LATTICE STRUCTURE 
Figure 1.4 


Figure 1.5 
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CONDUCTION 


As already mentioned, to be of practical use transistors require crystal material of 
greater conductivity (lower R/CM®*) than found in highly purified germanium and 
silicon. The conductivity can be increased by either heating the crystal or by adding 
other types of materials (impurities) to the crystal when it is formed. 

Heating the crystal will cause vibration of the atoms which form the crystal. Occa- 
sionally one of the valence electrons will acquire enough energy (ionization energy) to 
break away from its parent atom and move through the crystal. When the parent atom 
loses an electron it will assume a positive charge equal in magnitude to the charge of 
the electron. Once an atom has lost an electron it can acquire an electron from one of 
its neighboring atoms. This neighboring atom may in turn acquire an electron from one 
of its neighbors. Thus it is evident that each free electron which results from the break- 
ing of a covalent bond will produce an electron deficiency which can move through 
the crystal as readily as the free electron itself. It is convenient to consider these elec- 
tron deficiencies as particles which have positive charges and which are called holes. 
Each time an electron is generated by breaking a covalent bond a hole is generated at 
the same time. This process is known as the thermal generation of hole-electron pairs. 
The average time either carrier exists as a free carrier is known as lifetime. If a hole 
and a free electron collide, the electron will fill the electron deficiency which the hole 
represents and both the hole and electron will cease to exist as free charge carriers. 
This process is known as recombination. 


Conductivity can also be increased by adding impurities to the semiconductor 
crystal when it is formed. These impurities may be donors, such as arsenic which 
“donates” extra free electrons to the crystal since each arsenic atom contains five elec- 
trons in its valence band; or acceptors, such as aluminum which “accepts” electrons 
from the crystal to produce free holes since each aluminum atom contains only three 
electrons in its valence band. A donor atom, which has five valence electrons, takes 
the place of a semiconductor atom in the crystal structure. Four of the five valence 
electrons are used to form covalent bonds with the neighboring semiconductor atoms. 
The fifth electron is easily freed from the atom and can move through the crystal. 
The donor atom assumes a positive charge, but remains fixed in the crystal. A semi- 
conductor which contains donor atoms is called an n-type semiconductor since con- 
duction occurs by virtue of free electrons (negative charge). A two dimensional model 
of n-type semiconductor is shown in Figure 1.6. 
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An acceptor atom, which has three valence electrons, can also take the place of a 
semiconductor atom in the crystal structure. All three of the valence electrons are used 
to form covalent bonds with the neighboring atoms. The fourth electron which is 
needed can be acquired from a neighboring atom, thus giving the acceptor atom a 
negative charge and producing a free hole in the crystal. A semiconductor which con- 
tains acceptor atoms is called a p-type semiconductor since conduction occurs by virtue 
of free holes in the crystal (positive charge). A two dimensional model of p-type semi- 
conductor is shown in Figure 1.7. 
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To summarize, solid-state conduction takes place by means of free holes and free 
electrons (carriers) in semiconductor crystals. These holes or electrons may originate 
either from donor or acceptor impurities in the crystal, or from the thermal generation 
of hole-electron pairs. During the manufacture of the crystal it is possible to control 
conductivity, and make the crystal either n-type or p-type by adding controlled 
amounts of donor or acceptor impurities. A variety of such impurities are shown in 
Chart 2. On the other hand, thermally generated hole-electron pairs cannot be con- 
trolled other than by varying the temperature of the crystal. 


SPACE CHARGE NEUTRALITY 


One of the most important principles involved in the operation of semiconductor 
devices is the principle of space charge neutrality. In simple terms, this principle states 
that the total number of positive charges (holes plus donor atoms) in any region of a 
semiconductor must equal the total number of negative charges (electrons plus acceptor 
atoms) in the same region provided that there are no large differences in voltage within 
the region. Use of this principle can frequently result in a simpler and more accurate 
interpretation of the operation of semiconductor devices. For example, in explaining 
the characteristics of an n-type semiconductor it is usually stated that the function of 
the donor atoms is to produce free electrons in the crystal. However, using the prin- 
ciple of space charge neutrality it is more accurate to say that the function of the donor 
atoms is to provide positive charges within the crystal which permit an equal number 
of free electrons to flow through the crystal. 
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acceptor elements, form p-type 
boron (B) semiconductors, each atom 


substitutes for a Ge or Si atom 
in the semiconductor crystal 
and can take on or accept an 
extra electron thus producing a 


hole 


aluminum (Al) 
gallium (Ga) 
indium (In) 


basic semiconductor materials, 
germanium (Ge) used in crystal form with con- 
silicon (Si) trolled amounts of donor or 
acceptor impurities 


donor elements, form n-type 
semiconductors, each atom 
substitutes for a Ge or Si atom 
in the semiconductor crystal 
and can give up or donate an 
extra electron to the crystal 


phosphorus (P) 
arsenic (As) 
antimony (Sb) 


MATERIALS USED IN THE CONSTRUCTION OF TRANSISTORS 
AND OTHER SEMICONDUCTOR DEVICES 


Chart 2 


DIFFUSION AND DRIFT 


Carriers can move through a semiconductor by two different mechanisms: diffusion 
or drift. Diffusion occurs whenever there is a difference in the concentration of the 
carriers in any adjacent regions of the crystal. The carriers have a random motion 
owing to the temperature of the crystal so that carriers will move in a random fashion 
from one region to another. However, more carriers will move from the region of 
higher concentration to the region of lower concentration than will move in the oppo- 
site direction. This is shown in Figure 1.8. 

Drift of carriers occurs whenever there is a difference in voltage between one 
region of the semiconductor and another. The voltage difference produces a force 
on the carriers causing the holes to move toward the more negative voltage and the 
electrons to move toward the more positive voltage. The mechanism of drift is illus- 
trated in Figure 1.9 for both n-type and p-type semiconductors. For the n-type material, 
the electrons enter the semiconductor at the lower electrode, move upwards through 
the semiconductor and leave through the upper electrode, passing then through the 
wire to the positive terminal of the battery. Note that in accordance with the principle 
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, 
Figure 1.8 


of space charge neutrality, the total number of electrons in the semiconductor is deter- 
mined by the total number of acceptor atoms in the crystal. For the case of the p-type 
semiconductor, hole-electron pairs are generated at the upper terminal. The electrons 
flow through the wire to the positive terminal of the battery and the holes move down- 
ward through the semiconductor and recombine with electrons at the lower terminal. 
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DIODES 


If a p-type region and an n-type region are formed in the same crystal structure, 
we have a device known as a diode. The boundary between the two regions is called 
a junction, the terminal connected to the p-region is called the anode, and the ter- 
minal connected to the n-region is called the cathode. A diode is shown in Figure 
1.10 for two conditions of applied voltage. In Figure 1.10(A) the anode is at a negative 
voltage with respect to the cathode and the diode is said to be reverse biased. The 
holes in the p-region are attracted toward the anode terminal (away from the junction) 
and the electrons in the n-region are attracted toward the cathode terminal (away from 
the junction), Consequently, no carriers can flow across the junction and no current 
will flow through the diode. Actually a small leakage current will flow because of the 
few hole-electron pairs which are thermally generated in the vicinity of the junction. 
Note that there is a region near the junction where there are no carriers (depletion 
layer). The charges of the donor and acceptor atoms in the depletion layer generate a 
voltage which is equal and opposite to the voltage which is applied between the anode 
and cathode terminals. As the applied voltage is increased, a point will be reached 
where the electrons crossing the junction (leakage current) can acquire enough energy 
to produce additional hole-electron pairs on collision with the semiconductor atoms 
(avalanche multiplication). The voltage at which this occurs is called the avalanche 
voltage or breakdown voltage of the junction. If the voltage is increased above the 
breakdown voltage, large currents can flow through the junction and, unless limited by 
the external circuitry, this current can result in destruction of the diode. 


ANODE 


SS. 


(A) REVERSE BIAS 


(B) FORWARD BIAS 


CONDUCTION IN A PN JUNCTION DIODE 
Figure 1.10 


In Figure 1.10(B) the anode of the diode is at a positive voltage with respect to the 
cathode and the rectifier is said to be forward biased. In this case, the holes in the 
p-region will flow across the junction and recombine with electrons in the n-region. 
Similarly, the electrons in the n-region will flow across the junction and recombine 
with the holes in the p-region. The net result will be a large current through the diode 
for only a small applied voltage. 


TRANSISTORS 


An NPN transistor is formed by a thin p-region between two n-regions as shown 
in Figure 1.11. The center p-region is called the base and in practical transistors is 
generally less than .001 inch wide. One junction is called the emitter junction and the 
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other junction is called the collector junction. In most applications the transistor is 
used in the common emitter configuration as shown in Figure 1.11 where the current 
through the output or load (Rx) flows between the emitter and collector and the entrol 
or input signal (Vx) is applied between the emitter and base. In the normal mode of 
operation, the collector junction is reverse biased by the supply voltage Vcc and the 
emitter junction is forward biased by the applied base voltage Van. As in the case of 
the diode, electrons flow across the forward biased emitter junction into the base 
region. These electrons are said to be emitted or injected by the emitter into the base. 
They diffuse through the base region and flow across the collector junction and then 
through the external collector circuit. Transistor action is therefore one of injection, 
diffusion, and collection. 


COLLECTOR 


N- TYPE COLLECTOR REGION 
COLLECTOR JUNCTION 
P-TYPE BASE REGION 
EMITTER JUNCTION 

N- TYPE EMITTER REGION 


(DONOR AND ACCEPTOR ATOMS 
ARE NOT SHOWN) 


CONDUCTION IN AN NPN JUNCTION TRANSISTOR 
(COMMON EMITTER CONFIGURATION) 


Figure 1.11 


If the principle of space charge neutrality is used in the analysis of the transistor, 
it is evident that the collector current is controlled by means of the positive charge 
(hole concentration) in the base region. As the base voltage Vsx is increased the posi- 
tive charge in the base region will be increased, which in turn will permit an equivalent 
increase in the number of electrons flowing between the emitter and collector across 
the base region. In an ideal transistor it would only be necessary to allow base current 
to flow for a short time to establish the desired positive charge. The base circuit could 
then be opened and the desired collector current would flow indefinitely. The collector 
current could be stopped by applying a negative voltage to the base and allowing the 
positive charge to flow out of the base region. In actual transistors, however, this can 
not be done because of several basic limitations. Some of the holes in the base region 
will flow across the emitter junction and some will combine with the electrons in the 
base region. For this reason, it is necessary to supply a current to the base to make up 
for these losses. The ratio of the collector current to the base current is known as 
the current gain of the transistor hrx = Ic/Is. For a-c signals the current gain is 
B = hte = ic/iy. The ratio of the a-c collector current to a-c emitter current is desig- 
nated by a = hey = ic/ie. 

When a transistor is used at higher frequencies, the fundamental limitation is the 
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time it takes for carriers to diffuse across the base region from the emitter to the col- 
lector. Obviously, the time can be reduced by decreasing the width of the base region. 
The frequency capabilities of the transistor are usually expressed in terms of the 
alpha cutoff frequency (fn). This is defined as the frequency at which a decreases to 
0.707 of its low frequency value. The alpha cutoff frequency may be related to the 
base charge characteristic and the base width by the equations: 
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where Tx is the emitter time constant, Qs is the base charge required for an emitter 

current Iz, W is the base width, and D is the diffusion constant which depends on the 

semiconductor material in the base region. 

The operation of the transistor has been described in terms of the common emitter 
configuration. The term grounded emitter is frequently used instead of common 
emitter, but both terms mean only that the emitter is common to both the input circuit 
and output circuit. It is possible and often advantageous to use transistors in the 
common base or common collector configuration. The different configurations are shown 
in Figure 1.12 together with their comparative characteristics in class A amplifiers. 


CIRCUIT CONFIGURATION CHARACTERISTICS* 


moderate input impedance 
COMMON moderate output impedance 
EMITTER high current gain 
(CE) high voltage gain 
highest power gain 


lowest input impedance 
COMMON highest output impedance 
BASE low current gain 
(CB) high voltage gain 
moderate power gain 


COMMON highest input impedance (350 K) 
COLLECTOR lowest output impedance (500 ) 
(CC) high current gain (—36) 
(EMITTER unity voltage gain (1.00) 
FOLLOWER) lowest power gain (15 db) 


*Numerical values are typical for the 2N525 at audio frequencies with a bias of 
_— and 1 ma., a load resistance of 10K, and a source (generator) resistance 
oO 


TRANSISTOR CIRCUIT CONFIGURATIONS 
Figure 1.12 
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TRANSISTOR CONSTRUCTION 
TECHNIQUES 


CHAPTER 


The knowledge of many sciences is required to build transistors. Physicists use the 
mathematics of atomic physics for design. Metallurgists study semiconductor alloys and 
crystal characteristics to provide data for the physicist. Chemists contribute in every 
facet of manufacturing through chemical reactions which etch, clean and stabilize 
transistor surfaces. Mechanical engineers design intricate machines for precise handling 
of microminiature parts. Electronic engineers test transistors and develop new uses for 
them. Statisticians design meaningful life test procedures to determine reliability. Their 
interpretation of life test and quality control data leads to better manufacturing 
procedures. 

The concerted effort of this sort of group has resulted in many different construc- 
tion techniques. All these techniques attempt to accomplish the same goal — namely to 
construct two parallel junctions as close together as possible. Therefore, these tech- 
niques have in common the fundamental problems of growing suitable crystals, form- 
ing junctions in them, attaching leads to the structure and encapsulating the resulting 
transistor. The remainder of this chapter discusses these problems. 


METAL PREPARATION 


Depending on the type of semiconductor device being made, the structure of the 
semiconductor material varies from nearly perfect single crystal to polycrystalline. The 
theory of transistors and rectifiers, however, is based on the properties of single crystals. 
Defects in a single crystal produce generally undesirable effects. 

Germanium and silicon metal for use in transistor manufacture must be so purified 
that the impurity concentration is less than one part in 10". Donor and acceptors are 
then added in the desired amounts and the material is then grown into a single crystal. 


DIRECTION OF TRAVEL 
OF INDUCTION COIL AND 
MOLTEN ZONE 


(@) GRAPHITE BOAT © quartz TuBe 
BAR OF HIGH PURITY © MOLTEN ZONE 
SOLID GERMANIUM 
@ BAR OF Low PURITY 
@) INERT ATMOSPHERE SOLID GERMANIUM 


@) INDUCTION COIL 


SIMPLIFIED ZONE REFINING APPARATUS 
Figure 2.1 


TRANSISTOR CONSTRUCTION TECHNIQUES 


The initial purification of germanium and silicon typically involves reactions which 
produce the chemical compounds germanium and silicon tetrachloride or dioxide. 
These compounds can be processed to give metallic germanium or silicon of relatively 
high purity. The metal so prepared is further purified by a process called zone refining. 
This technique makes use of the fact that many impurities are more soluble when the 
metal is in its liquid state, thus enabling purification to result by progressive solidifica- 
tion from one end of a bar of metal. 


In practical zone refining a narrow molten zone is caused to traverse the length of 
a bar. A cross-sectional view of a simplified zone refining furnace is shown in Figure 
2.1, High purity metal freezes out of the molten zone as the impurities remain in 
solution. By repeating the process a number of times, the required purity level can be 
reached, During the process it is important that the metal be protected from the intro- 
duction of impurities. This is done by using graphite or quartz parts to hold the metal, 
and by maintaining an inert atmosphere or vacuum around it. The heating necessary to 
produce a narrow molten zone is generally accomplished by induction heating, i.e., by 
coils carrying radio frequency energy and encircling the metal bar in which they 
generate heat. 


The purified metal is now ready for doping and growing into a single crystal. 
A common method for growing single crystals is the Czochralski method illustrated in 
Figure 2.2. In it a crucible maintains molten metal a few degrees above its melting 
point. A small piece of single crystal called a seed is lowered into the molten metal and 
then slowly withdrawn. If the temperature conditions are properly maintained a single 
crystal of the same orientation, i.e., molecular pattern as the seed grows on it until all 
the metal is grown into the crystal. Doping materials can be added to the molten metal 
in the crucible to produce appropriate doping. The rate at which doping impurities are 
transferred from the molten metal to the crystal can be varied by the crystal growing 
rate, making it possible to grow transistor structures directly into the single crystal. 
This is discussed in detail in the next section. 


The floating zone technique for both refining and growing single crystals has 
recently been introduced. It is quite similar in principle to zone refining except that 
the graphite container for the bar is eliminated, reducing the risk of contamination. 
In place of it, clamps at both ends hold the bar in a vertical position in the quartz 
tube. The metal in the molten zone is held in place by surface tension. Doping agents 
added at one end of the bar can be uniformly distributed through the crystal by a 
single cycle of zone refining. This technique has had much success in producing high 
quality silicon metal. 


JUNCTION FORMATION 


A junction is a surface separating two regions of a semiconductor, one with n type 
and the other with p type conductivity. Since transistors consist of two closely spaced 
junctions, it is necessary to establish highly non-uniform distributions of n and p type 
impurities in the semiconductor lattice. The techniques used for establishing these 
impurity distributions provide the basis for the different types of transistors being 
made today. 


Three basic techniques are used, individually or in combination, in establishing 
the desired impurity distribution. The first of these is to form an alloy of the semi- 
conductor and a material which acts as either a donor or acceptor in the semiconductor 
lattice. The most common materials used for this purpose are indium, which is used 
for making the emitter and collector regions of germanium alloy transistors such as the 
2N43A and the 2N396, and aluminum, which is used for making the emitter region of 
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SIMPLIFIED CRYSTAL GROWING FURNACE 
Figure 2.2 
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germanium mesa transistors such as the 2N705 and 2N711. In these cases, an alloy 
is formed with the metal and some of the n type germanium. Upon freezing, a Pp type 
semiconductor layer is deposited creating a pn junction. 

A second method is to change the impurity concentration in the crystal as it is being 
grown from the liquid state. Ordinarily, crystals are grown so as to produce some 
constant level of impurity throughout. Because of a tendency for most impurities to 
remain in the melt rather than deposit in the solid, which is also the basis of zone 
refining, the concentration does not remain uniform as the crystal is grown, but in- 
creases continuously due to the increasing impurity concentration in the melt. The 
concentration of impurities deposited in the solid is affected by the rate at which the 
crystal is grown, in the case of some impurities. By a proper selection of impurities 
and the inclusion of both p and n type impurities in the melt, pn junctions can be 
grown into the crystal by periodically changing the growth rate. 

Diffusion is a third method of impurity control. It consists of a gradual movement 
of impurity atoms through the semiconductor lattice while the semiconductor remains 
a solid. Because this movement is a function of the thermal energy of the impurity 
atoms, the rate of movement is temperature sensitive and appreciable movement takes 
place at high temperatures. Temperatures used in diffusion range from 500°C to 800°C 
for germanium and from 900°C to 1300°C for silicon. 
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One diffusion technique is to place the semiconductor in a gas containing the 
desired impurity and heating. A variation of this is to coat the surface with a chemical 
containing the desired impurity and heating. In both cases, the impurity enters into 
the semiconductor from the outside. In another case, the desired diffusion takes place 
entirely within the semiconductor body which is grown with abrupt changes in the 
impurity. concentration. In each of the above cases, diffusion takes place from the 
region of the high impurity concentration to the region of low concentration. 


Diffusion generally involves times of several hours, rather than seconds as in the 
case of rate growing techniques. This makes it easier to obtain good process control. 
In addition, diffusion makes it possible to vary the impurity concentration over a wide 
range. This is in sharp contrast to both rate growing and alloying, and together with 
its good process control makes diffusion a highly attractive technique for the manu- 
facture of transistors. 


ALLOY TRANSISTORS 


The alloy transistor is made by alloying metal into opposite sides of a thin piece 
of semiconductor to form an emitter and collector region. In order to achieve uniformity 
of the transistor characteristics, the pellet thickness, the quantity of metal to be alloyed, 
the area of contact of the metal to the semiconductor and the alloying temperature 
must be carefully controlled. Each of these variables affects the base width of the 
transistor, which in turn affects most electrical characteristics. Because of the large 
number of variables, thin base widths cannot be achieved consistently; therefore, a 
practical lower limit exists for the base width and with it an upper limit on the oper- 
ating frequency is also established. One measure of the maximum operating frequency 
is fren; this is the frequency at which the current gain of the transistor is 3 db below 
its low frequency value, commonly referred to as the alpha cutoff frequency. Typical 
values of fnr» for alloy transistors range from 1 mc for the 2N43 to 8 mc for the 2N396. 


On the other hand, the emitter and collector regions of an alloy transistor are quite 
thin and have a high electrical conductivity. Because of this alloy transistors have a 
very low saturation resistance. The saturation resistance is a measure of how nearly 
the transistor can be made to appear as a short circuit when it is turned on in switch- 
ing circuits, and in most transistors it is made up primarily of the parasitic resistance 
of the emitter and collector bodies. A typical value for the 2N396 is 1.6 ohms at 50 ma. 


The microalloy transistor is a variation of the alloy transistor. In order to achieve 
a thin base width without making the transistor unduly fragile, electrochemical etching 
techniques are used to provide a very thin region in the middle of an otherwise rela- 
tively thick pellet. Metal is then deposited on each side of this thin region and alloyed 
with a very small amount of germanium. Electrically, the characteristics are those of 
an alloy transistor with a thin base. Mechanically, the transistor is less fragile than it 
would be if the entire pellet were the same thickness as the base region. 


A variation of the microalloy transistor is the microalloy diffused transistor. In this 
case, a diffused layer is established over the entire pellet surface prior to etching the 
thin region in the middle of the pellet. The etching is then done predominantly on 
one side so as to remove the diffused layer from the region of the collector contact. 
The other side of the pellet is etched only slightly so that the emitter is adjacent to 
the diffused region. Both the microalloy and microalloy diffused transistors represent 
improvements in frequency response over conventional alloy transistors. Typical of 
these processes are the microalloy 2N393 with fr» of 40 mc and the microalloy diffused 
transistor 2N502 with fur» of 200 mc. 
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Grown junction transistors differ from alloy transistors in that the junctions are 
created during the growth of the crystal rather than by alloying after the crystal is 
grown. This results in significant differences in geometry and electrical characteristics. 
One technique of growing junctions into the crystal is to vary the rate of growth and 
utilize the variation of segregation coefficient with growth rate. In germanium, a very 
slow growth speed is used to produce p regions while rapid growth is used to produce 
n regions, thus creating a series of n and p regions; thirty or more pairs of junctions 
can be produced in a single crystal in this manner. While both npn and pnp transistors 
can be produced by rate growing, the npn structures are inherently more attractive 
and rate growing is not used for making pnp transistors. (In silicon, rate growing is not 
used because it does not produce transistors competitive with those produced from 
grown diffused crystals. Grown diffused transistors are discussed on the next page.) 


After the crystal is grown each pair of junctions is sawed from the wafer and diced 
into several hundred individual pellets. Each pellet is thus an npn transistor, requiring 
only leads and proper mounting. (See Figure 2.5.) 


RATE GROWN PELLET 
Figure 2.5 
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The geometry of this device is such that mechanical strength is not a function of 
the base width. It is simple to produce a base width as small as desired, but it is 
difficult to control this consistently, as thermal conditions are not uniform throughout 
the crystal during growth. Furthermore, it is difficult to achieve a high concentration of 
p type impurities in the base region. For these reasons, rate grown transistors have a 
lower limit on the base width, and, therefore, a limited frequency range. The 2N78 
and 2N167 are typical rate grown transistors, both of which have an fn» of 9 me. 


It is necessary to make a contact to the base region of this transistor without signifi- 
cantly altering the original structure. Any portion of the base lead which overlaps the 
collector or emitter regions reduces the breakdown voltage and adds capacitance to 
these junctions. 

Another transistor with similar geometry is the grown diffused transistor. This tran- 
sistor utilizes a combination of impurity segregation during growth and diffusion. 
The segregation and diffusion coefficients are such that npn silicon and pnp germanium 
transistors are produced by this process. In the case of silicon, a lightly doped n type 
crystal is dipped into molten silicon containing n and p type impurities. A highly 
conducting n type region is grown which also contains a considerable quantity of p type 
impurities. After a short time at elevated temperatures these p type impurities diffuse 
from the newly grown layer into the lightly doped n type material, thus creating a p 
type base region between a heavily doped n type emitter region and a lightly doped n 
type collector region. This technique provides better control of the base width and a 
higher concentration of impurities in the base than can be achieved by rate growing. 
Such transistors will therefore operate at higher frequencies even though the base 
lead overlap still limits the performance. The 2N338 is a typical grown diffused tran- 
sistor with an far of 20 mc. 


All grown junction transistors are mounted and supported by contacts to their 
emitter and collector regions. Various methods have been used; the most reliable is 
the use of a ceramic disc which has metallized regions to which the emitter and 
collector regions are alloyed. This is known as fixed-bed construction. The rigid disc 
prevents stresses in the semiconductor material which arise from vibration of the 
header leads. 


GERMANIUM MESA TRANSISTORS 


The limitations characteristic of alloy and grown junction transistors can be over- 
come by use of mesa construction, shown in Figure 2.6 below. 
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The mechanical reliability is not affected by the thickness of the base region because 
it is diffused into the pellet from the surface. The use of diffusion results in exeellent 
control of the base width. In addition, resistivity of the base and collector regions can 
be varied at will over a wide range to obtain optimum device characteristics. 


The metal stripes are evaporated onto the surface of the diffused pellet. One stripe 
is gold which provides a non-rectifying contact to the base region; the other stripe is 
aluminum which forms a rectifying contact and thus serves as an emitter. Most of the 
diffused layer outside the stripes is removed by etching so as to reduce the collector 
junction capacitance and give better collector diode characteristics. The fabrication is 
completed by mounting the pellet onto a header and bonding small gold wires to the 
metal stripes. The thermal impedance between the junctions and the header is low 
since the pellet is mounted directly on the header. High speed switching transistors 
with an excellent reliability record have been made with this process. 


The conventional mesa transistor utilizes a collector resistivity which is a com- 
promise between a high resistivity for a high BVcno and low capacitance on one hand, 
and a low resistivity for a low saturation voltage on the other hand. The need for 
compromise can be largely eliminated by using a combination of high and low resis- 
tivity material in a single pellet. This is achieved by growing a high resistivity film 
onto a low resistivity pellet. 


Such films are called epitaxial films because the atoms are aligned in a continuation 
of the original crystalline structure, resulting in one single crystal pellet. The base 
region is then diffused into the thin film and the rest of the fabrication is the same as 
for the conventional mesa. Epitaxial transistors represent a substantial improvement 
over the conventional mesas in that a higher BVcso, lower capacitance, and lower 
saturation voltage can be achieved simultaneously. These improved characteristics in 
turn permit higher switching speeds and operation at higher current levels. The 2N994 
is an epitaxial transistor which is similar to the non-epitaxial 2N705. Co» is 30% smaller, 
however, and Verwsar is 50% smaller. In addition, the 2N994 provides a 400% in- 
crease in current handling capability together with a 50% reduction in switching time. 


SILICON PLANAR TRANSISTORS 


This transistor is made by diffusing the emitter as well as the base. A diffused 
emitter is desirable because of the same control and ability to select the desired im- 
purity level that makes a diffused base desirable. In addition, no mesa forming etch 
is used. These differences result from the fact that silicon dioxide can be formed on the 
surface of silicon pellets to act as a mask to prevent the diffusion of impurities into the 
silicon. The base and emitter regions are formed by selectivity removing portions of 
the silicon dioxide to permit diffusion into the silicon. The two regions are formed 
sequentially; oxidation and selective removal of the oxide take place prior to each 
diffusion. Aluminum is deposited on both the base and emitter regions to provide low 
resistance, mechanically reliable contacts. 


The oxide covers the junctions of the completed transistors, thereby preventing 
ambient gases from reaching the junction. This results in a passivated device with 
excellent electrical stability. 


This protective oxide can also be formed on epitaxial films. The resulting improve- 
ments in BVcso, Cov, Vorisam and current handling capability are similar to those 
achieved with germanium epitaxial transistors. 
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ENCAPSULATION 


The term encapsulation is used here to describe the processing from the completion 
of the transistor structure to the final sealed unit. The primary purpose of encapsulation 
is to ensure reliability, This is accomplished by protecting the transistor from mechani- 
cal damage and providing a seal against harmful impurities. Encapsulation also governs 
thermal ratings and the stability of electrical characteristics. 


The transistor structure is prepared for encapsulation by etching to dissolve the 
surface metal which may have acquired impurities during manufacture. Following 
etching, a controlled atmosphere prevents subsequent surface contamination. The 
transistor now is raised to a high temperature, is evacuated to eliminate moisture and 
is refilled with a controlled atmosphere. Then the cap, into which a getter may be 
placed, is welded on. 


In some respects the design of the case, through its contribution to transistor reli- 
ability, is as important as that of the transistor structure. Mechanically, users expect to 
drop transistors, snap them into clips or bend their leads without any damage. Ther- 
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mally, users expect the header lead seals to withstand the thermal shock of soldering, 
the junctions to be unaffected by heating during soldering, and the internal contacts to 
be unchanged by thermal cycling. Considerable design skill and manufacturing cost is 
necessary to meet the users expectations. Within the transistor structure, coefficients of 
expansion are matched to prevent strain during thermal cycling. Kovar lead seals with- 
stand the shock of soldering and do not fatigue and lose their effectiveness after thermal 
cycling. Hard solders and welds maintain constant thermal impedance with time, avoid- 
ing possible crystallization of soft solders. 


For the stability of electrical characteristics, hermetic seals cannot be over- 
emphasized. They not only preserve the carefully controlled environment in which the 
transistor is sealed but they exclude moisture which causes instability. Moisture can 
be responsible for slow reversible drifts in electrical characteristics as operating con- 
ditions are changed. Also, while a transistor is warming up after exposure to low tem- 
peratures, precipitated moisture may cause a large temporary increase in Ico. Kovar 
glass lead seals are used in transistors designed for reliability. Kovar does not have the 
low thermal impedance or ductility of copper, however, and therefore seal integrity is 
paid for by a lower dissipation rating and a lower tolerance to lead bending. 


The case design governs the transistor’s thermal impedance, which should be as 
low as possible and consistent from unit to unit, Very small cases minimize the junction 
to case impedance while increasing the case to air impedance. Larger cases such as 
the JEDEC 370 mil TO-9 combine a lower case to air impedance, with a lead configura- 
tion and indexing tab permitting automatic insertion of transistors into printed circuit 
boards. 


RELIABILITY 


In principal, transistors have no known failure mechanism which should limit their 
life expectancy. However, in practice, failure mechanisms do exist. To date sufficient 
data has been collected to show that with careful construction techniques, transistors 
are capable of operation in excess of 40,000 hours at maximum ratings without appre- 
ciable degradation. There is no reason to believe this is the limit of operating life. 
Since transistors can perform logical operations at very low dissipation and amplify at 
high efficiency, the resulting low dissipation reduces the ambient temperature for 
other components, enhancing their reliability as well. The transistor’s small physical 
size and its sensitivity to small voltage changes at the base results in low circuit capaci- 
tances and low power requirements, permitting large safety factors in design. The 
variety of manufacturing processes being used by the industry permits choosing the 
optimum transistor for any circuit requirement. For example, rate grown transistors 
offer low Ico and low Co for applications requiring low collector current. Alloy tran- 
sistors offer high peak power capabilities, great versatility in application, and are 
available in both PNP and NPN types. Mesa and planar epitaxial transistors give high 
speed at high voltage ratings and with good saturation characteristics, 


While reliability must be built in, it has seldom proved practical in the past to 
make an absolute measurement of a specific transistor’s reliability. Transistors cur- 
rently are sufficiently reliable that huge samples and considerable expense in man- 
power, equipment, and inventory are necessary to get a true measure of their reliability. 
However, tests can readily show if a transistor falls far short of the required reliability; 
therefore, they are useful in assigning ratings, in obtaining rate of degradation meas- 
urements, and as a measure of quality control or process variability. Figures 2.8, 2.9, 
2.10 and 2.11 show some of the considerations in designing reliable transistors. 
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THE TRANSISTOR SPECIFICATION SHEET ES 


The published transistor specification sheet is fully as important as the device it 
describes since it provides the description necessary for sensible use of the subject 
transistor. 

Four general categories of information are presented. These are 

1. a statement of broad device capabilities and intended service 

2. absolute maximum ratings 

3. electrical characteristics 

4. generic or family electrical characteristics 
Let’s study each of these categories in some detail and use the specification sheet for 
2N2193 through 2N2195 as a guide. 


1. GENERAL DEVICE CAPABILITIES 


The lead paragraph found at the top of the sheet furnishes the user with a concise 
statement of the most likely applications and salient electrical characteristics of the 
device. It is useful in first comparison of devices as one selects the proper device for a 
particular application. 


2. ABSOLUTE MAXIMUM RATINGS 


Absolute maximum ratings specify those electrical, mechanical, and thermal ratings 
of a semiconductor device which, as limiting values, define the maximum stresses 
beyond which either initial performance or service life is impaired. 


VOLTAGE 

The voltages specified in the Absolute Maximum Ratings portion of the sheet are 
breakdown voltages with reverse voltage applied to one selected junction, or across 
two junctions with one junction reverse biased and the second junction in some speci- 
fied state of bias. Single junction breakdown either between collector and base or 


between emitter and base has the form shown in Figure 3.1. 
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The solid portion of the curve is the active, normally used portion of a diode or 
(ny compound junction device. The dotted portion exhibits large dramatic changes in 
teverse current for small changes in applied voltage. This region of abrupt change is 
called the breakdown region. If breakdown occurs at relatively low voltage, the mecha- 
nism is through tunneling or “zener” breakdown. The means of conduction is through 
electrons which have “tunneled” from valence to conduction energy levels. A more 
complete explanation of tunneling is contained in the Tunnel Diode Manual.* 


At higher voltage levels conduction is initiated and supported by solid ionization. 
When the junction is reverse biased, minority current flow (leakage current) is made 
up of holes from the N-type material and electrons from the P-type material. The 
high field gradient supplies carriers with sufficient energy to dislodge other valence 
electrons, raising their energy level to the conduction band resulting in a chain genera- 
tion of hole-electron pairs. This process is called avalanche. While theory predicts an 
ubrupt, sharp (sometimes called hard) characteristic in the breakdown region, a soft or 
gradual breakdown often occurs. Another possibility is the existence of a negative 
resistance “hook.” The hook usually occurs when zener breakdown is the predominant 
mechanism. Figure 3.2 graphically illustrates these possibilities. In practice, silicon, 
because of lower leakage current, exhibits a sharper knee than does germanium. 
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Figure 3.2 


The family of the 2N2193 to 2N2195 silicon devices are measured for individual 
junction breakdown voltages at a current of 100 microamperes. Vcxo, the collector-base 
diode breakdown voltage— with emitter open circuited or floating — is shown to be a 
minimum of 80 volts for the 2N2193 and 2N2193A. 


Vzno, the emitter-base breakdown voltage — with collector open circuited or floating 
— is specified at 8 volts minimum for the 2N2193 and 2N2193A. 


The breakdown voltage between collector and emitter is a more complex process. 
The collector-base junction in any configuration involving breakdown is always reverse 
biased. On the other hand, the condition applied to the emitter-base diode depends 
upon the nature of base lead connection. The most stringent requirement is realized 
by allowing the base to float. The next most stringent requirement is connecting the 


*See references at end of Chapter 1. 


base to the emitter through a resistor. A more lenient measurement is with base and 
emitter shorted. Finally, the condition yielding the highest breakdown voltage is that 
which applies reverse bias to the emitter-base junction. The symbols for the breakdown 
voltage, collector to emitter, under the foregoing base connection conditions are Vero, 
Vcrr, Vers, and Vcrx respectively. On some specification sheets the letter B, signifying 
breakdown, precedes the voltage designation, i.e., BVcro. 


The generic shape of breakdown characteristics differs among transistors fabricated 
by different processes. Figure 3.3 is typical of the planar epitaxial 2N2193. Note that 
the BVcro curve exhibits little current flow (Icko) until breakdown is initiated. At break- 
down a region of negative resistance appears and disappears at increased collector 
voltage. The region of negative resistance is not suitable for measurement and specifi- 
cation because of instability. The low current positive resistance region below (in volt- 
age) the breakdown region is so low as to cause instrumentation difficulties. It is 
desirable, therefore, to measure breakdown voltage at a current, in the breakdown 
region, where the slope is positive. This current for the 2N2193 family is 25 ma. 

Since BVcer and BVcex as well as BVcro exhibit a negative resistance region, they 
must also be measured in a region of positive resistance. The voltage thus measured is 
always less than voltage needed to establish breakdown. For this reason it has been 
suggested that these voltages be named differently than breakdown voltages. One 
proposal is to designate them as “sustaining” voltages with the prefix letter L substi- 
tuted for B, ie., LVcer. The nomenclature Veer cust.) has also been used. 
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The behavior of alloy devices is sufficiently different to warrant separate considera- 
tion. Figure 3.4 illustrates a typical family of breakdown characteristics. Since leakage 
currents are appreciable in this class of devices they form an important part of break- 
down consideration. In the specification of BVcro, consideration must be given to Ivo 
multiplication. In this connection I.eo is approximately hrz X Ico. This product may 
exceed 100 wa (the usual BVcso sensing current) at voltages well below breakdown. 
For this reason it is common to specify breakdown at a collector current of 600 ya. 
Figure 3.4 shows the realistic increase in voltage resulting from the use of a 600 wa 
sensing current. The earlier statement that BVcro is a very conservative rating is par- 
ticularly true of germanium alloy devices. It is primarily applicable to circuits with 
little or no stabilization. 
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Figure 3.4 


BVcrs is measured with the base shorted to the emitter. It is an attempt to indicate 
tore accurately the voltage range in which the transistor is useful. In practice, using 
\\ properly stabilized circuit, such as those described in Chapter 7, the emitter junction 
is normally forward biased to give the required base current. As temperature is in- 
creased, the resulting increase in I.. and hrx requires that the base current decrease if 
it constant, i.e., stabilized, emitter current is to be maintained. In order that base 
current decrease, the forward bias voltage must decrease. A properly designed biasing 
circuit performs this function. If temperature continues to increase the biasing circuit 
will have to reverse bias the emitter junction to control the emitter current. This is 
illustrated by Figure 7.1 which shows that Vax = 0 when I. = 0.5 ma at 70°C for 
the 2N525. Var = 0 is identically the same condition as a base to emitter short as far 
us analysis is concerned. Therefore, the BVcrs rating indicates what voltage can be 
applied to the transistor when the base and emitter voltages are equal, regardless of 
the circuit or environmental conditions responsible for making them equal. Figure 3.4 
indicates a negative resistance region associated with Icrs. At sufficiently high currents 
the negative resistance disappears. The 600 wa sensing current intersects Icus in the 
negative resistance region in this example. Oscillations may occur depending on the 
circuit stray capacitance and the circuit Joad line. In fact, “avalanche” transistor 
oscillators are operated in just this mode. 

Conventional circuit designs must avoid these oscillations. If the collector voltage 
does not exceed V4 (Figure 3.4) there is no danger of oscillation, Va is the voltage 
ut which the negative resistance disappears at high current. 

To avoid the problems of negative resistance associated with BVcxs, BVcrr was 
introduced. The base is connected to the emitter through a specified resistor. This 
condition falls between BVcro and BVces and for most germanium alloy transistors 
avoids creating a negative resistance region. For most low power transistors the resistor 
is 10,0002. The significance of BVcrr requires careful interpretation. At low voltages 
the resistor tends to minimize the collector current as shown by equation (5q), in 
Chapter 5. Near breakdown the resistor becomes less effective permitting the collector 
current to increase rapidly. 


Both the value of the base resistor and the voltage to which it is returned are 
important. If the resistor is connected to a forward biasing voltage the resulting base 
drive may saturate the transistor giving the illusion of a collector to emitter short. 
Returning the base resistor to the emitter voltage is the standard BVcrr test condition. 
If the resistor is returned to a voltage which reverse biases the emitter junction, the 
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collector current will approach I... For example, many computer circuits use an emitter 
reverse bias of about 0.5 volts to keep the collector current at cut-off. The available 
power supplies and desired circuit functions determine the value of base resistance. 
It may range from 100 to 100,000 ohms with equally satisfactory performance pro- 
vided the reverse bias voltage is maintained. 


In discussing the collector to emitter breakdown so far, in each case the collector 
current is I. multiplied by a circuit dependent term. In other words all these collector 
to emitter breakdowns are related to the collector junction breakdown. They all 
depend on avalanche current multiplication. 


Another phenomenon associated with collector to emitter breakdown is that of 
reach-through or punch-through. Silicon devices as typified by grown diffused, double 
diffused, planar, mesa, and planar epitaxial structures (see Chapter 2) do not exhibit 
this characteristic. The phenomenon of reach-through is most prevalent in alloy devices 
having thin base regions, and lighter base region doping than collector region doping. 
As reverse voltage is increased the depletion layer spreads more in the base than in the 
collector and eventually “reaches” into the emitter. An abrupt increase in current 
results, 


The dotted lines in Figure 3.4 indicate the breakdown characteristics of a reach 
through limited transistor. Several methods are used to detect reach through. BVcrx 
(breakdown voltage collector to emitter with base reverse biased) is one practical 
method. The base is reverse biased by 1 volt. The collector current Icex is monitored. 
If the transistor is avalanche limited BVcrx will approach BVeno. If it is reach-through 
limited it will approach BVcrs. 


Note that Icex before breakdown is less than I... Therefore, if I.. is measured at a 
specified test voltage and then the emitter is connected with a reverse bias of 1 volt, 
the I.. reading will decrease if reach-through is above the test voltage and will increase 
if it is below. 


“Emitter floating potential” is another test for reach-through. If the voltage on an 
open-circuited emitter is monitored while the collector to base voltage is increased, it 
will remain within 500 mv of the base voltage until the reach-through voltage is 
reached. The emitter voltage then increases at the same rate as the collector voltage. 
Ver is defined as (Ven — 1) where Ver is the voltage at which Vex = lv. 


CURRENT 

The absolute maximum collector current, shown as 1 ampere for the 2N2193, is a 
pulse current rating. In this case it is the maximum collector current for which hrr is 
specified. In some cases the current level at which hr drops from its maximum value 
by 50% is specified. In all cases judgement concerning adverse life affects is a major 
consideration. Also in all cases no other absolute maximum rating can be exceeded in 
using this rating. In cases of very short, high current pulses, the power dissipated in 
transition from cutoff to saturation must be considered so that thermal ratings are 
not exceeded. 


TRANSISTOR DISSIPATION 

Transistor dissipation ratings are thermal ratings, verified by life test, intended to 
limit junction temperature to a safe value. Device dissipation is shown for three cases. 
The first indicates the transistor in free air at an ambient temperature of 25°C. The 
2N2193 under these conditions is capable of dissipating .8 watt. Further, we must 
derate at a rate of 4.6 mw/°C for an ambient temperature above 25°C. This thermal 
derating factor can be interpreted as the absolute maximum thermal conductance 


junction to air, under the specified conditions. If dissipation and thermal conductance 
\re specified at 25°C case temperature an infinite heat sink is implied and both dissipa- 
tion and thermal conductance reach their largest allowable values. For the 2N2193 
(hese are 2.8 watts and 16 mw/°C respectively. 


Both free air and infinite heat sink ratings are valuable since they give limit appli- 
cation conditions from which intermediate (in thermal conductance) methods of heat 
sinking may be estimated. 


TEMPERATURE 

The 2N2193 family carries a storage temperature rating extending from —65°C 
to +300°C. High temperature storage life tests substantiate continued compliance 
with the upper temperature extreme. Further, the mechanical design is such that 
thermal/mechanical stresses generated by rated temperature extremes cause no elec- 
trical characteristic degradation. 

Operating junction temperature although stated implicitly by thermal ratings is 
ulso stated explicitly as an absolute maximum junction temperature. 


3. ELECTRICAL CHARACTERISTICS 
Electrical characteristics are the important properties of a transistor which are 
controlled to insure circuit interchangeability and describe electrical parameters. 


DC CHARACTERISTICS 

The first characteristics shown are the voltage ratings, repeated in the order of the 
absolute maximum ratings, but this time showing the conditions of test. Note that 
these and subsequent electrical parameters are measured at 25°C ambient temperature 
unless otherwise noted. The 2N2193 has the highest rated breakdown voltages of the 
series at Veno = 80V, Vero = 50V, and Veso = 8V. 


Forward current transfer ratio, hrx, is specified over four decades of collector 
current from 100 microamperes to 1 ampere. Such wide range in collector current is 
feasible only in transistors having very small leakage currents. Note that hrp measure- 
ments at 150, 500 and 1000 ma. are made at a 2% duty cycle and pulse widths less 
than or equal to 300 microseconds. This precaution is necessary to avoid exceeding 
thermal ratings. Both the 2N2193 and 2N2193A have a specified minimum current gain 
at —55°C. A collector current of 10 ma. was chosen as being most useful to the circuit 
designer who wishes to predict low temperature circuit performance. 


Base saturation, Vur «sar, specifies the base input voltage characteristic under the 
condition of both junctions being foreward biased. The conditions of measurement 
specify a base current of 15 ma. and a collector current of 150 ma. Base-emitter drop 
is then 1.3 volts. This parameter is of particular interest in switch designs and is 
covered in further detail in Chapter 5 (Equations 5s & 5t). 


Collector saturation voltage, Vcr «sa, is the electrical characteristic describing the 
voltage drop from collector to emitter with both base-emitter and collector-base junc- 
tions foreward biased. Base and collector currents are stipulated. For the 2N2193 
through 2N2195 these are 15 ma. and 150 ma. respectively. The quotient of collector 
und base currents is termed “forced Beta.” 


The principal difference between “A” and “non-A” versions of the 2N2193 family 
lie in their maximum collector saturation voltages. “A” versions exhibit .16 volts 
typically and are specified at .25 volts maximum, The “non-A” versions are specified 
at .35 volts maximum. It is interesting to note that the 1.05 volt (minimum) difference 
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between Var war and Ver «sar is the level of false trigger (noise immunity levely for 
DCTL switches. In germanium alloy devices this level is generally less than .3 volt 
and is seldom greater than .7 volt in other silicon devices (see Chapter 6), The wide 
difference in Var «sam and Vee «sar is undesirable if Darlington connection of devices 
is desired for saturated switching. The collector saturation characteristic of the com- 
pound device demonstrates that the lead section is incapable of saturating the output 
section. Modification of the circuit to provide separate connection of the input section 
collector directly to the joint collector supply will provide the needed Var war to 
allow output section saturation. 


CUTOFF CHARACTERISTICS 

Chapter 6 contains a detailed study of transistor leakage currents. This examination 
deals with phenomena which predominate in alloy structures. The principal differences 
in planar epitaxial devices lie in the relative magnitudes of the leakage current compo- 
nents. The complete protection afforded by the passivation layer reduces surface 
leakage to a very small value. Further, it reduces the surface thermal component by 
decreasing recombination velocity. Figure 6.6(D) shows the variation with temperature 
of Icno for units of the 2N2193 family. It is interesting to note that-the theoretical 
semi-log plot of Icxo vs. temperature is a straight line. At high temperatures planar 
devices follow predicted behavior quite well. At lower temperatures, the temperature 
rate is considerably less than that which would be predicted by the theoretical model. 

The 25°C Icso and Inso maximum limits are both 100 nanoamperes. Icno rises to 
25 microamperes at 150°C, typically, and carries a 150°C upper limit of 50 pa. 


HIGH FREQUENCY CHARACTERISTICS 

The small-signal foreward current transfer ratio, hre, is shown as a minimum of 2.5 
at 20 me. This parameter is specified for those amplifier applications requiring control 
of high frequency hre. Chapter 15 treats the measurement of high frequency hre in 
detail. 


SWITCHING CHARACTERISTICS 

Chapters 6 and 15 on switching and measurements, respectively, discuss and define 
transient response times ta, tr, ts, and tr. The circuit used to measure t;, ts, and ty is 
shown in Figure 3.5. The specified maximum rise, storage, and fall times are measured 
in this circuit. The base of the transistor under test is clamped at approximately —1.5 
volts by the diode returned to a —1 volt bus. As the point Vin is raised in potential the 
base is unclamped and the transistor moved through the active region to saturation. 
As noted in the referenced chapters, the switching times measured are highly circuit 
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dependent. By the time this description is published more thorough switching char- 
acterization will be made available, which specify ta, tr, ts, and te as a function of the 
ratio of collector current to foreward base current (forced beta). 


GENERIC CHARACTERISTICS 

Much information about the behavior of semiconductor devices is conveyed by 
showing typical behavior. This information is presented graphically and differs from 
other electrical specifications by not bearing the high statistical assurance associated 
with maximum and minimum limits. Statistical confidence is assigned the generic 
characteristics of some devices by showing 5th, 50th, and 95th percentile points of a 
given characteristic. This sort of specification is found as part of very thoroughly 
characterized devices such as the 2N335 and 2N396. 
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The specification sheet for the 2N2193 family includes collector family dat4 for 
the 2N2193, 2N2194 and 2N2195 and associated “A” versions. The hyperbola of con- 
stant 2.8 watt 25°C dissipation is shown in Figure 3.6 to demark the area of permissible 
static operation as defined by previously discussed thermal limitations. In addition, a 
triangular area bounded by the collector current and collector voltage axes and a line 
noted as “region defined by specification” is specified. This area is one that defines 
the safe boundary for transient operation and should at no time be exceeded. 


Semiconductor manufacturers go to great lengths in constructing their product 
specification sheets because they realize the value of offering the designer adequate 
information. If the device described therein is to be of use to the design engineer, is to 
be used properly for optimum performance and reliability by the designer within the 
limits specified by the manufacturer, the specification sheet must be accurate, com- 
plete, and reliable. This requires precise and time consuming measurements, coupled 
with costly hours of anlysis and preparation of the final specification sheet. The tran- 
sistor specification sheet is, without doubt, the most important work tool the electronics 
circuit designer has at his disposal. When understood by the designer and used intelli- 
gently, many labor hours can be saved. 


EXPLANATION OF PARAMETER SYMBOLS 
SYMBOL ELEMENTS 


A Ampere (a.c., r.m.s or d.c.), ambient, anode electrode 
a Ampere (peak or instantaneous) 

B,b Base electrode, breakdown 

C,c Capacitance, collector electrode, cathode electrode 

A (Delta) A small change in the value of the indicated variable 
E,e Emitter electrode 

F, f Frequency, forward transfer ratio 

G, g Gain, acceleration of gravity, gate electrode 

h General symbol for hybrid parameter 

Li Current, input, intrinsic region of device 

Ma Reference electrode 

K,k Unspecified (general) measurement electrode 

L Inductance 

N,n n-region of device 

O, 0 Output, open circuit 

P,p Power, P-region of device 

Q Charge 

yr Resistance, reverse transfer ratio 

TE Temperature 

t Time 
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V Voltage (max., avg. or r.m.s) 


\ Volt (peak or instantaneous) 


Ww Watt (Max., avg. or r.m.s) 

w Watt (peak or instantaneous) 

X Unspecified (general) parameter 

Y General symbol for an admittance parameter 


0 (Theta) Thermal resistance 


ZZ General symbol for impedance, impedance parameter 


DECIMAL MULTIPLIERS 


Prefix Abbreviation Multiplier Prefix Abbreviation Multiplier 
tera Ai Toe milli m i 
giga G 10° micro be 10” 
mega M or Meg 10° nano n 10° 
kilo Kork 10° pico p Ore 


PARAMETER SYMBOLS 


BVcro *DC breakdown voltage collector to base junction reverse biased, 
emitter open-circuited (value of Ic should be specified). 


BV cro *DC breakdown voltage, collector to emitter, with base open- 
circuited. This may be a function of both “m” (the charge carrier 
multiplication factor) and the hr, of the transistor. Specify Ic. 


BVoer *DC breakdown voltage, similar to BVcro except a resistor value “R” 
between base and emitter. 


BVces *DC breakdown voltage, similar to BVcxo but base shorted to emitter. 


BVcev *DC breakdown voltage, similar to BVcxo but emitter to base junc- 
tion reverse biased. 


BVcex *DC breakdown voltage, similar to BVcro but emitter to base junc- 
tion reverse biased through a specified circuit. 


Vso *DC breakdown voltage, emitter to base junction reverse biased, 
collector open-circuited. Specify In. 


BVe DC breakdown voltage, reverse biased diode. 


C. Barrier capacitance. 


Cov *(Common base) capacitance emitter to base, collector open. 


Cy Input capacitance. 


Cor *(Common base) collector to base Output capacitance measured 
oe *(Common emitter) collector to emitter.) across the output terminals. 
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f Frequency at which measurement is performed. 
fnew (fan) (Common base) small-signal short-circuit forward current transfer 
ratio cut-off frequency. 
fnte (Fae) (Common emitter) small-signal short-circuit forward current trans- 
fer ratio cut-off frequency. 
faax (ove) Maximum frequency of oscillation. 
fe Gain bandwidth product frequency at which the small signal, com- 
mon emitter, short-circuit, forward current, transfer ratio (hre) is 
unity or zero db. 
—g Negative Conductance. 
Gp» *(Common base) small-signal power gain. 
Grr *(Common emitter) large-signal power gain. 
Gis *(Common emitter) small-signal power gain. 
Gye (CONV.) *(Common emitter) conversion gain. 
hep (Common base) 
hre Common collector 
; ( ) Small-signal short-circuit forward 
current transfer ratio, output ac 
hee (Common emitter) short-circuited. 
hey (General) 
here *(Common emitter) static value of forward current transfer ratio, 
Ic 
hr aa 
FE if 
hex (inv.) Inverted hrr (emitter and collector leads switched) 
hin, hie, (Common base, common emitter, common collector, general) small- 
tes Diy signal input impedance, output ac short-circuited. 
hie (Common emitter) static value of the input resistance. 
hie (real) (Common emitter) real part of the small-signal value of the short- 
circuit input impedance at high frequency. 
Bony Bhees (Common base, common emitter, common collector, general) small- 
hiseshes signal, output admittance, input ac open-circuited. 
aun Dies (Common base, common emitter, common collector, general) small- 
yep signal, reverse voltage transfer ratio, input ac open-circuited. 
Li Region of a device which is intrinsic and in which neither holes nor 


electrons predominate. 
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In, Ic, Iz DC currents into base, collector, or emitter terminal. 

I, Base current (rms) 

in Base current ( instantaneous) 

Inx DC base current with both the emitter and collector junctions 
reverse biased. 

I. Collector current (rms) 

i Collector current (instantaneous) 

Icro (Ico) *DC collector current when collector junction is reverse biased and 
emitter is open-circuited. 

Iczo *DC collector current with collector junction reverse biased and base 
open-circuited. 

Icer *DC collector current with collector junction reverse biased and a 
resistor of value “R” between base and emitter. 

Ices *DC collector current with collector junction reverse biased and base 
shorted to emitter. 

Icny *DC collector current with collector junction reverse biased and with 
a specified base-emitter voltage. 

Icrx *DC collector current with collector junction reverse biased and with 
a specified base-emitter circuit connection. 

I, Emitter current (rms) 

io Emitter current (instantaneous) 

Inno (Io) *DC emitter current when emitter junction is reverse biased and 
collector is open-circuited. 

Ines *DC emitter current with emitter junction reverse biased and base 
shorted to collector. 

Ir *DC forward current. 

iv Forward current (instantaneous). 

Ip Peak Point current. 

Ip/Iv Peak to Valley current ration. 

Ik Reverse Current (DC). 


Ir 


Reverse Current (instantaneous). 
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ly Valley Point Current. 

Pee Conversion loss — ratio of available signal power to the available 
intermediate frequency power. 

Ls Total series inductance. 

N,n Region of a device where electrons are the majority carriers. 

n Intrinsic stand-off ratio (unijunction). 

NF Noise Figure. 

Pep. Region of a device where holes are the majority carriers. 

pt (peak) Peak collector power dissipation for a specified tine duration, duty 
cycle and wave shape. 

Po Average continuous collector power dissipation. 

Ps Power output. 

pt (peak) Peak total power dissipation for a specified time, duration, duty 
cycle and wave shape. 

Pr Average continuous total power dissipation. 

Qsp Stored base charge. 

ty Base spreading resistance equals hi. (real) when hi. (imagi- 
nary) = 0. 

Tpineo (reso) Device resistance between base 1 and base 2, emitter open-circuited 
(interbase resistance — unijunction). 

TorsaT) Device resistance, collector to emitter, under saturation conditions 


(saturation resistance, steady state). 


RE Rectification Efficiency (voltage). 

Rxs Circuit resistance between terminals K and J. 
Ru Load resistance. 

Ts Small signal series resistance. 

Ta Operating Temperature (ambient) 

Tes Junction Temperature 
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Tere Storage Temperature 

Vis Circuit voltage between terminals K and J. 

Vp Peak point voltage. 

Vr DC reverse voltage. 

Ver DC voltage reach-through (formerly called punch-through Cp). 


At collector voltages above reach-through Vet = Von —Vrn. (Ver 
normally defined as 1 volt). 


Vy Valley point voltage. 

yry Small signal short circuit forward transfer admittance. 
Zi Input impedance. 

Zos Output impedance. 


*Test conditions must be specified. 


NOTE: DC voltage and current terminologies (as listed herein) are valid only 
when measurements are made under non-oscillating conditions. Care 
must be exercised with Avalanche Transistors as they may oscillate 
when making these measurements and give erroneous readings. 


ABBREVIATED DEFINITIONS OF TERMS 


1. Absolute Max. Ratings — the value when so specified is an “absolute limit” and 
the device is not guaranteed if it is exceeded. 


2. Applied Voltage — voltage applied between a terminal and the reference point. 


*3. Constant Current — one that does not produce a parameter value change greater 
than the required precision of the measurement when the generator impedance is 
halved. 


*4. Constant Voltage — one that does not produce a parameter value change greater 
than the required precision of the measurement when the genrator impedance is 


doubled. 


*5. Breakdown Voltage (BV) — that value of applied reverse voltage which remains 
essentially constant over a considerable range of current values, or where the incre- 
mental resistance = 0 at the lowest current in avalanche devices. 


6. Limits — the minimum and maximum values specified. 


7. Noise Figure (NF) — at a selected input frequency, the noise figure (usually 10 
log of base 10 of ratio) is the ratio of the total noise power per unit bandwidth at a 
corresponding output frequency delivered to the output termination, to the portion 
thereof engendered at the input frequency by the input termination, (whose noise 
temperature is standard 290°K). 
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8. Open Circuit — a condition such that halving the magnitude of the thrminating 
impedance does not produce a change in the parameter measured greater than the 
required precision of the measurement. 


9. Pulse — a flow of energy of short duration which conveys intelligence. 


10. Pulse Average Time (tw) — the time duration from a point on the leading edge 
which is 50% of the maximum amplitude to a point on the trailing edge which is 50% 
of the maximum amplitude. 


11. Pulse Delay Time (ta) — the time interval from a point on the leading edge of 
the input pulse which is 10% of its maximum amplitude to a point on the leading edge 
of the output pulse which is 10% of its maximum amplitude. 


12. Pulse Fall Time (tr) —the time duration during which the amplitude of its 
trailing edge decreases from 90 to 10% of the maximum amplitude. 


13. Pulse Rise Time (t,) — the time duration during which the amplitude of its lead- 
ing edge increases from 10 to 90% of the maximum amplitude. 


14, Pulse Storage Time (ts) — the time interval from a point 10% down from the 
maximum amplitude on the trailing edge of the input pulse to a point 10% down from 
the maximum amplitude on the trailing edge of the output pulse. 


15. Pulse Time (t,) — the time interval from a point on the leading edge which is 
90% of the maximum amplitude to a point on the trailing edge which is 90% of the 
maximum amplitude. 


16. Short Circuit — a condition where doubling the magnitude of the terminating 
impedance does not produce a change in the parameter being measured that is greater 
than the required precision of the measurement. 


17. Small Signal —a signal is considered small when halving its magnitude does 


not produce a change in the parameter being measured that is greater than the required 
precision of the measurement. 


18. Spike — an unintended flow of electrical energy of short duration. 
19. Supply Voltage (Vzx, Voc, Vex) — the potential of the circuit power source. 


20. Thermal Equilibrium —a condition where doubling the test time does not 
produce a change in the parameter that is greater than the required precision of the 
measurement. 


21. Thermal Resistance (9) — the temperature rise per unit power dissipation of 
the junction above the device case or ambient temperature under conditions of steady- 
state operation (where applicable, “case” means device mounting surface). 


22. Thermal Response Time (y,) — the time required for the junction temperature 
to reach 90% of the final value of junction temperature change caused by a step func- — 
tion in power dissipation when the device case or ambient temperature is held constant. 


23. Thermal Time Constant (y.) — the time required for the junction temperature 
to reach 63.2% of the final value of junction temperature change caused by step func- 
tion in power dissipation when the device case or ambient temperature is held constant. 

24. Base Voltage (Vs) — the voltage between the base terminal and the reference 
point (J). 

25. Collector Voltage (Vcs) — the voltage between the collector terminal and the 
reference point (J). 
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26. Cut-off Current (Ixso, Ixsr, Ixss, Ixsy, Ixsx) — the measured value of (K) elec- 
trode DC current when it is reverse-biased by a voltage less than the breakdown voltage 
and the other electrode(s) is (are) DC open-circuited (Ixjo) or: 


1. returned to the reference electrode (J) through a given resistance (Isr) 
2. DC short circuited to the reference electrode (J) (Ixss) 

3. reverse-biased by a specified voltage (Ixsy) 

4. under a specified set of conditions different from the above (Ixsx). 


27. Depletion Layer Capacitance (C dep) — the transition capacitance of a reverse- 
biased PN junction. (Small signal as well as DC conditions to be stated) 


28. Diffusion Capacitance (C dif) — the transition capacitance of a forward biased 


(with an appreciable current flow) PN junction. 


29. Emitter Voltage (Ves) —the voltage between the emitter terminal and the 
reference point (J). 


; 30. Floating Potential (Vir) — the DC voltage between the open circuit terminal 
(K) and the reference point (J) when a DC voltage is applied to the third terminal and 
the reference terminal. 


31. Input Capacitance (Ci) — the shunt capacitance at the input terminals. 
32. Input Terminals — the terminals to which input voltage and current are applied. 


33. Inverse Electrical Characteristics [Xx;(INV)] — those characteristics obtained 
when the collector and emitter terminals are interchanged. 


34. Large-signal Short Circuit Forward-current Transfer Ratio (hrs) — ratio of the 


change in output current (AI,) to the corresponding change in input current (AI;). 


35. Large-signal_Transconductance (Gys)—the ration of the change in output 


current (AI,) to the corresponding change in input voltage (AV)). 


36. Large-signal Power Gain (Gr) —the ratio of the ac output power to the ac 


input power under the large signal conditions. Usually expressed in decibels (db). 
(ac conditions must be specified). 


37. Maximum Frequency of Oscillation (fuse or fmax) — the highest frequency at 
which a device will oscillate in a particular circuit. 


38. Output Capacitance (C.,) — the shunt capacitance at the output terminals. 


39. Output Terminals — the terminals at which the output voltage and current may 
be measured. 


40. Power Gain Cut-off Frequency (f,;) — that frequency at which the power out- 
put has dropped 3 db from its value at a reference test frequency (Gr(f) = constant) 
with constant input power. 


41. Reach Through Voltage (Ver) (formerly referred to as “punch through volt- 
uge”) — that value of reverse voltage at which the reverse-biased PN junction spreads 
sufficiently to electrically contact any other junction or contact, and thus act as a 
short circuit. 


42. Real Part of Small Signal Short-circuit Input Impedance [hi ; (real)] — the 


real part of the ratio of ac input voltage to the ac input current with zero ac output 
voltage. 
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43. Reference Point (electrical) — the terminal that is common to both the input 
and output circuits. 
44, Saturation Resistance [rxs(SAT)]—the ratio of saturation voltage to the 
measurement (K) electrode DC current. 


45. Saturation Voltage [Vxs(SAT)] —the DC voltage between the measurement 
electrode (K) and the reference electrode (J) for the saturation conditions specified. 


46. Small-signal Open-circuit Forward Transfer Impedance (zr;) — the ratio of the 
ac output voltage to the ac input current with zero ac output current. 


47, Small-signal Open-circuit Input Impedance (zi;)—the ratio of the ac input 


voltage to the ac input current with zero ac output current. 


48. Small-signal Open-circuit Output Admittance (h.;) — the ratio of the ac output 


current to the ac voltage applied to the output terminals with zero ac input current. 


49. Small-signal Open-circuit Output Impedance (zo) — the ratio of the ac voltage 
applied to the output terminals to the ac output current with zero ac input current. 


50. Small-signal Open-circuit Reverse Transfer Impedance (zr;) — the ratio of the 
ac input voltage to the ac output current with zero ac input current. 


51. Small-signal Open-circuit Reverse Voltage Transfer Ratio (h,;) —the ratio of 


the ac input voltage to the ac output voltage with zero ac input current. 


52. Small-signal Power Gain (G,) —the ratio of the ac output power to the ac 
input power. Usually expressed in db. 


53. Small-signal Short-circuit Forward Current Transfer Ratio (hrs) — the ratio of 
the ac output current to the ac input current with zero ac output voltage. 


54, Small-signal Short-circuit Forward Current Transfer Ratio Cut-off Frequency 


(fnr3) — the frequency in cycles per second (cps) at which the absolute value of this 


ratio is 0.707 times its value at the test frequency specified (G,(f) = constant). 


55. Small-signal Short-circuit Forward Transfer Admittance (yr) — the ratio of the 
ac output current to the ac input voltage with zero ac output voltage. 


56. Small-signal Short-circuit Input Impedance (hi;) — the ratio of the ac input 
voltage to the ac input current with zero ac output voltage. 


57. Forward Voltage (Vrr) — highest value of positive voltage at which the forward 
current equals the maximum specified peak point current (Ir = Ie). 


58. Peak Point Current (Ip) — value of the static current flowing at the lowest posi- 
d 
tive voltage at which i = 0. 
d 
59. Peak Point Voltage (Vr) — the lowest positive voltage at which | ==0; 
= 
60. Peak to Valley Ratio Tr — the ratio of peak point current to valley point current. 
61. Valley Point Current (Iv) — the value of the static current flowing at the second 


d 
lowest positive voltage at which id att 
d 
62. Valley Point Voltage (Vv) — the second lowest positive voltage at which = 0. 


*Test conditions must be specified. 
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A major area of transistor applications is in various types of low level a-c amplifiers. 
One example is a phonograph preamplifier where the output of a phonograph pickup 
(generally about 8 millivolts) is amplified to a level suitable for driving a power ampli- 
fier (generally 1 volt or more). Other examples of low level or small signal amplifiers 
include the IF and RF stages of radio and TV receivers and preamplifiers for servo 
systems. 


As described in Chapter 5, Large Signal Characteristics, a transistor can have very 
nonlinear characteristics when used at low current and voltage levels. For example, if 
conduction is to take place in an NPN transistor the base must be positive with respect 
to the emitter. Thus, if an a-c signal were applied to the base of an NPN transistor, 
conduction would take place only during the positive half cycle of the applied signal 
and the amplified signal would be highly distorted. To make possible linear or undis- 
torted amplification of small signals, fixed d-c currents and voltages are applied to the 
transistor simultaneously with the a-c signal. This is called biasing the transistor, and 
the d-c collector current and d-c collector to emitter voltage are referred to as the 
bias conditions. When bias conditions are chosen so that the largest a-c signal to be 
amplified is small compared to the d-c bias current and voltage, the transistor is said 
to be operating in small signal mode. 

Transistors used in small signal amplifiers are normally biased at currents between 
(5 and 10 ma. and voltages between 2 and 10 volts. Bias currents and voltages below 
this range can cause problems of distortion, while bias currents and voltages above this 
range can cause problems of excessive noise and power dissipation. 

For the purpose of circuit design, any component, including the transistor, can be 
considered as a black-box (B-B) having two input terminals and two output terminals. 
With the help of Matrix Theory the circuit designer, knowing the electrical character- 
istics of the black-box, can calculate the performance of the amplifier when various 
signal sources are applied to its input and various loads are connected to its output. 

Although possibly foreboding in name Matrix Theory is, in fact, easy to understand 
und apply. The relative ease with which it may be used in circuit analysis, com- 
pared to other analysis methods, makes the understanding of it a “must” for the 
circuit design engineer. When certain stipulations are made, Matrix Theory is perfectly 
pplicable to circuits involving active elements like the transistor. Its use is virtually 
mandatory in complicated circuits involving feedback, particularly where the preserva- 
tion of the sanity of the analyst is considered necessary. 


SHUNT IMPEDANCE AMPLIFIER 


SERIES IMPEDANCE 


EXAMPLES OF BLACK-BOXES 
Figure 4.1 
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Basically, the matrix method of analysis involves the black-box concept where the 
fundamental components or groups of components of a circuit (inductors, capacitors, 
resistors, and active elements) are considered as black-boxes having two input and two 
output terminals. 


Because of the method of connection i: and iz are the same as for a single B-B. The e:’s 
are added, as are the ew’s. 


G4 = [Z combined] l*] (4d) 
Ez iy 


Z combined is the matrix of the single black-box which is equivalent to the two black- 
boxes combined. Ei = e: + e:’, Ex = e2 + e2’. 


Conventionally the input terminals are on the left side of the box with the corre- 
sponding output terminals on the other side. There is also a convention regarding the 
input and output potentials and currents shown in Figure 4.2. 


i lp fa * M ot =) [| +12’ [* | (4e) 
Es. ez + e,’ is is 
INPUT 
TERMINALS |! 


OUTPUT w\ Pi 
= Z 
tf TERMINALS 3 ( files ! ea 
BLACK-BOX SHOWING INPUT AND OUTPUT CONVENTION 


Matrix theory tells us that Z + Z’ is obtained by simple summing of the individual 
Figure 4.2 bal a ie aS ae ee ] a] (4g) 
E2 Za + Zar’ Ze2 + Zoe" ip 


terms of the matrixes, i.e. 

In a sensible black-box, there is a well-defined relationship between the input Therefore the two original B-B’s may be replaced by one B-B having the parameters 
voltage and current and the corresponding quantities at the output. The most often 
realized and most easily handled functional relationship is linearity. A pair of linear 
equations will then completely represent the black-box. As an example, consider the 
following which are equations expressing the input and output voltages in terms of 


shown in equation (4g). 


If two black-boxes are to have their input terminals paralleled and their output 
terminals paralleled also, then a different set of original equations is set up. 


input and output et I, =(ij+i)/) I5=( igtin’) 
ea = Zui + Zrviz (4a) 
e2 = Zeit + Zeke (4b) 
Zu, Ziz, Zn, Zee have the dimensions of impedance and are called the “impedance Ae L Niwetic eee er ts eo 


parameters” of the black-box. 


The matrix equation equivalent to (4a) and (4b) is 


[° ‘|= iy moh 3 "Jon more concisely [e] = [Z] [i] (4c) 
BLACK-BOXES IN PARALLEL 


Z parameters are useful when two or more black-boxes are connected together such Figure 4.4 
that their input terminals are connected in series and their output terminals are also 


in series as shown in Figure 4.3. - pre mee 
The currents are now additive, voltages e: and e2 are the same for the combination as 


i ia for the individual B-B’s. The currents i; and iz have to appear on the left hand side of 
fee the two equations. 


Uy ea agp a 


The “y” parameters have the dimensions of conductance and are called the “admittance 
s ri ” . : 
f Eg=eptep parameters.” So far the parallel combination of two black-boxes 
en’ 
2 


L in iy’ 1 . 
iy i2 [i] a3 [' ae 7 (1 + v1) AS | (4i) 
2 lz 2 : 
BLACK-BOXES WITH SERIES CONNECTIONS i ; 
AT INPUT AND OUTPUT Gis [* + yn! ye + a ia (4)) 


Figure 4.3 


Ya + you Ye + Vox" 
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For cascaded black-boxes yet another set of parameters called “a” parameters has 


to be established and these are perhaps the most useful of any. 


BLACK-BOXES IN CASCADE 
Figure 4.5 


Notice in Figure 4.5, e:’ is the same as ee since their respective terminals are connected 
together. However, i:’ = —iz but the sign is taken care of by making the basic equation 
of this form 


ve = an C2 — aig at | : | x [al [ es | (4k) 
lL = an €2 — ave le 1 mea 


So, the over-all equation for the two cascaded B-B’s shown in Figure 4.5, is 


(s]=e0[2) ; 
hh =e 


For the individual B-B’s the two matrix equations are 


[* | = [a] [ “ Janel] = [a] i if (4m) (4n) 
h =e h =e 


but e: = e:’, and —is = i,’ 


therefore 
bed = {al em = [a] x i] so (40) 
h hh —lh 
[A] = [a] x [a’] (4p) 


and the “a” matrix is called the “multiplier matrix” for obvious reasons. 
Matrix theory tells us that the expansion of [a] « [a’] is done as follows 
; a a: an’ aie’ 
[a] x [a’] = [ 1 = x l 1 1 ] 
azi Ave aa’ Ae’ 
a4 be an + ar az’), (an aie + ar oH 


(an an’ + ass an’), (az aie’ + are ax’) 
therefore 


ea =a (an an + ar an’), (an aw’ + ai Av’) e,’ 
i ; d ; (4q) 
lh. (ax au + ax an’), (an aw + ax azz’) —i 
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When inputs are “seriesed” and outputs “paralleled,” a set of parameters called 
the “h” parameters is obtained to represent the B-B’s as shown in Figure 4.6. 


iy ip In int ip’ 


BLACK-BOXES WITH INPUTS IN SERIES 
AND OUTPUTS IN PARALLEL 


Figure 4.6 


For the first B-B 


[*}=m[!] " 
lg C2 


for the second B-B 


he ] = th] [ | (4s) 
lz e2 


For the combination 


Le | = 5 te = (im #2 v1) Le (4t) 
I, is + id’ C2 


Finally the “g” parameters, those used when analyzing B-B configurations wherein 
the B-B inputs are “paralleled” and the outputs are “seriesed.” 


Tet i ip 
O 


E5= (eoteo/) 


BLACK-BOXES WITH INPUTS IN PARALLEL 
AND QUTPUTS IN SERIES 
Figure 4.7 


For the first B-B 


4 = [g] ie | (4u) 
C2 lz 


for the second B-B 


i =e] Ba (4v) 
e€2 le 


therefore for the combination 
lL in iv’ 1 
j j-[2t*]=(@+m)[2] (4w) 
E, €2 = e,’ is 


| See IE || 
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Knowing one set of the above established parameters, the others may be worked out, 
or more conveniently, obtained from Figure 4.8. 


MATRIX INTERRELATIONS 


NICIGICIE? 


922 
AY 
79a 

Ag 


—g9i2 
Ag 
STS See 
Ag 


NOTE: A REPRESENTS THE DETERMINANT (A, =Z,, Zo9-Zo) Zi2) 


Figure 4.8 
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The restriction placed on the derivation of the various black-box parameters is that 
the equations connecting input and output voltages and currents shall be linear. The 
parameters may be complex (frequency-dependent) but the relationships must be linear. 
A transistor can be considered linear when the signal excursions within it are small 
compared to its bias current and voltage conditions. Under these conditions, known as 
“Small Signal Operation” the transistor may be thoroughly represented as a black-box 
when any one set of parameters, z, y, a, h, or g are obtained. 

The matrix chosen to define a transistor by its manufacturers is naturally enough 
that involving those parameters which are easiest to measure. Usually, the “h” param- 
eters are measured and, more often than not, with the transistor in the common-base 
configuration. The reader is referred to Chapter 15 of this manual for practical meas- 
urement details. The reason why it is easier to measure the “h” parameters rather than 
the others may be seen from their definition. 


BLACK-BOX REPRESENTING “h” PARAMETER MEASUREMENTS 
REFERRED TO IN TEXT 


Figure 4.9 
[Jem] (4x) 
le €2 
expanded 
e: = hn it + hie ee (4y) 
io = ha i: + hoo ee (4z) 


From equation (4y) 


hi. = — when ee = 0 


hie = 


when i: = 0 


Irom equation (4z) 


is 
ha = a when e2 = 0 
1 


in : 
hee = — when ii = 0 


lor the transistor, hu is often called hi, the input impedance. The condition e2 = 0 is 
the same as saying the output terminals are short-circuited to the signal. In addition, 
hw is called h,, the reverse voltage transfer ratio. The condition i: = 0 means open- 
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circuit input. he: becomes h;, the forward current transfer ratio with output short- 
circuited to signal currents. And finally, hw is ho, the output admittance with open- 
circuit input. hi, h,, hr and h, usually also have yet another subscript to indicate to 
which transistor configuration they refer. For example: hi, is the input impedance of a 
transistor with output signal short-circuited when used in the common-base configura- 
tion, and h,. is the reverse voltage transfer ratio with the input of a transistor open 
circuited when used in the common-collector configuration. It will be noticed that in 
defining the h parameters two conditions are stipulated: 


1. Output short-circuited with respect to signal. 
2. Input open-circuited with respect to signal. 


The phrase with respect to signal is necessary in these two conditions, since in any 
practical circuit it is necessary to provide for bias currents as in Figure 4.10. 


+ 


Ri Ro 
Ra" Ri+Ro 


(A) PRACTICAL CIRCUIT (B) EQUIVALENT CIRCUIT 
Figure 4.10 


“Short-circuited output with respect to signal” would then mean placing a hefty 
capacitor across the output terminals in the manner shown. The transistor has a fairly 
low input impedance and a high output impedance, at least in the common-base and 
common-emitter configurations (measurements are seldom made on a transistor in the 
common-collector connection owing to its proneness to instability). It is therefore easy 
to provide a high impedance current source for the input to obtain the open-circuit 
input condition and a stiff voltage source for the output (i.e. short-circuit). Hence it is 
easiest, in practice, to measure the h parameters. The letter h, incidentally, stands for 
hybrid, a name which reflects the mixing of input and output voltages and currents in 
the two h parameter equations of the black-box. 


Once the h parameters of a transistor are known for a particular configuration, the 
z, y, a, and g parameters may be obtained from the conversion table in Figure 4.8. 
Corresponding h parameters of the other configurations may be found by referring 
to the table in Figure 4.11 which gives the h parameters in terms of the “T” equivalent 
circuit as well. 
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APPROXIMATE CONVERSION FORMULAE 
H PARAMETERS AND T EQUIVALENT CIRCUIT 


(NUMERICAL VALUES ARE TYPICAL FOR THE 2N525 AT | MA, SV) 


SYMBOLS COMMON COMMON COMMON Pain. 
_OTHER _ EMITTER COLLECTOR | (APPROXIMATE) | 


b 
h 1400 OHMS mi 


| 
hiph 
heut 1 : ead AibNob _ 
I2e'# bc | 3.37 X10 I+ heb Yrb 
ppaibthus = 
| ad l+hep Hite! 


27 x 10° °MHOS 


hie 
I+Nfe 


Hiehoe _ 
I+ Hee 


| h 
| Die - vies (I+hfe) 


Figure 4.11 
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The h parameter equivalent circuit is shown in Figure 4.12 together with the 
“T” equivalent circuit of the transistor. 


(A) HYBRID EQUIVALENT CIRCUIT 
(COMMON BASE CONFIGURATION) 


ale 
oo 


(B) “T” EQUIVALENT CIRCUIT 
(COMMON BASE CONFIGURATION) 


Figure 4.12 


The “T” equivalent circuit is of interest since it approximates the actual transistor 
structure. Thus r. and r. represent the ohmic resistances of the emitter and collector 
junctions respectively while r, represents the ohmic resistance between the base con- 
tact and the junctions. The current generator ai. represents the transfer of current from 
the emitter junction to the collector junction across the base region. The “T” finds its 
greatest use in circuit synthesis particularly when the designer is initially laying out 
his circuit. He knows, for example, that the input impedance of a common-emitter 
stage is approximately r plus 8 times the total impedance appearing in the emitter 
circuit (which includes r.) — such approximations not being so easily arrived at from a 
knowledge of hybrid parameters. When it is necessary, however, to analyze the per- 
formance of a given circuit with a fair degree of accuracy, four-pole parameters are 
extremely useful, in some cases almost indispensable. As might be expected from the 
“small signal” restriction, h parameters vary with operating point. Specification sheets 
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often carry curves of the variation of the small signal parameters with bias current 
und voltage. Such curves are shown in Figure 4.13. These are specifically for the 
®N525 and are plotted with respect to the values at an operating point defined by a 
collector potential of 5 volts and an emitter current of 1 ma. 
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VARIATION OF “H” PARAMETERS WITH BIAS CONDITIONS 
Figure 4.13 
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Suppose, for example, the typical value of hor is required for the 2N525 at I. = 0.5 ma 
and V. = 10 volts. From Figure 4.11 the typical value of ho» at 1 ma and 5 volts is 
0.6 x 10~ mhos. From Figure 4.13 the correction factor at 0.5 ma is 0.6 and the correc- 
tion factor at 10 volts is 0.75. Therefore, 


ho» (0.5 ma, 10 volts) = 0.6 x 10° x 0.6 x 0.75 (4a) 
— 0.27 < 10 mhos. 4 


Once the h parameters are known for the particular bias conditions and configuration 
being used, the performance of the transistor in an amplifier circuit can be found for 
any value of source or load impedance. 

Figure 4.14 gives the equations for determining the input and output impedances, 
current, voltage, and power gains of any black-box, including the transistor, when any 
set of its four-pole parameters (z, y, a, h, or g) are known or have been calculated. 


PROPERTIES OF THE TERMINATED FOUR- TERMINAL NETWORK 
h 9g a 


ny 
A +hy yy 


4), 2) +912 


9e2 +21 
ae +9uz) 


Yaa ty 
aD” +yuyn 


hoetyt 02:2, +922 


A® +9229 
Gu +Y¥g 


Thay, Sar 
heoty & +912) 


Figure 4.14 
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Let us work an example using four-pole parameters to analyze the circuit shown in 
Figure 4.15. 


(B) EQUIVALENT CIRCUIT 


(A) PRACTICAL CIRCUIT 
Figure 4.15 


We will concern ourselves with the small signal gain and ignore the D.C. stability 
The black-box equivalent at signal frequency is shown in Figure 4.16. 
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BLACK-BOX EQUIVALENT AT SIGNAL FREQUENCY 
OF FIGURE 4.15 


Figure 4.16 
-B’s 1, 2, and 3 are cascaded, so “a” parameters will be needed. We will first need to 
derive the h parameters for the 2N525 which is used here under two different operating 


points and two different configurations, common-emitter and common-collector. Values 
obtained from Figures 4.11 and 4.13 can be tabulated as follows 


Transistor Type 2N525 h 1+h 
Operating Conditions f 7 oa 


—0.974 | 0.60 x 10° 
% < x 0.6 = 
4.6 x 10% |0.026 0.36 x 10° 


Common Emitter 
V. = —5v, In = 0.5 ma 4.04 x 10° 37.5 13.85 x 10° 


V. = —5v, In = 5 ma 499 fox 10% | 0.0176 |—0.9824| 2.4 x 10° 


The “boxed” operating conditions are those which apply to the circuit of Figure 
4,15. Using the table in Figure 4.8, the corresponding “a” parameters are 


—4.8 x 10+ —3.69 x 107 | —2.67 x 10° 
si o a i ce ee ie 
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Common Base 
VY. = —5y; 1, = 1 ma 


Common Collector 
V. = —5v, Iz = 5 ma 


Operating Conditions 


Common Emitter 
V. = —5v, Iz = 0.5 ma 


Common Collector 
V. = —5v, Iz = 5 ma 
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Combining B-B’s 1, 2, and 3 of Figure 4.17 and neglecting B-B 4 (the feed-back 
s 


loop) 
yay SO. 64 ] ie | ik 4.9 | 
x x 
—SPx10, SOY e410" 10+, 1 24x10%, 17.6 


When multiplying several matrices together, the method is to start at the right hand 
side and multiply the last two matrices in the manner which has been described earlier 
in this chapter. This gives one combined matrix representing the last two matrices. 
This combination is then multiplied by the next matrix to the left and so on until the 
whole product has been reduced to one final matrix combination. 


After carrying out this procedure on the open-loop circuit, that is, no feed-back 


applied (see Figure 4.16), the following “a” matrix is obtained 


pate « 10>, —11,400 x | 
—31.2 x 107, —4910 x 107 


As a quick check on the arithmetic so far the voltage gain will be calculated for a load 
of 4702 using the table in Figure 4.14. 


Zi 470 


=a er 
Av = Fo pand: ~ —11400x10"—70 * 10* x 470 
—47,000 
Ay = S200 ~ —106 


A negative value of voltage gain is expected since there is a total phase shift of radians 
over the whole circuit. 


From knowledge of the “T” equivalent, a rough value for the gain can be deter- 
mined. With a load of 4708, the emitter-follower stage has an input impedance of 
approximately 


hae X Zi ~ 57 X 470 = 27 K 


This 27K in parallel with the 10K resistor forms the load of the first stage. The voltage 
gain of the first stage is around 


hare Zi ~ 37.5 X 7.3 x 10° 


~114 
hie 2.4 x 10° : 


To obtain the over-all voltage gain this figure has to be multiplied by the voltage trans- 
fer of the emitter-follower which is very approximately hay. The open-loop voltage 
gain of the amplifier by this rough method is therefore about 114 & 0.98 ~ 112 which 
differs by only a few percent from the figure arrived at with the matrix equation, 
namely 106. 


One might argue that this degree of accuracy was sufficient for the practical case 
and why bother with matrices. However, when feed-back is applied the matrix method 
offers a distinct advantage. Figure 4.17 shows this condition. 
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FEED—BACK 


tae AMPLIFIER mee 


FEEDBACK BLACK-BOX SHOWN IN PARALLEL 
WITH AMPLIFIER BLACK-BOX 


Figure 4.17 


It is easily seen that the feed-back black-box is in parallel with the amplifier black-box. 
The y parameters of each are therefore needed to effect a simple combination. 


rer 


Using table 4.11, the y parameters of the amplifier are obtained from the “a” param- 
eters. The y parameters for a series impedance (i.e., the feed-back resistor) are 


N|- N|- 
Nie N|e 


So, with Rr» equal to 10 K®, the total y matrix equals 
[ 10%. otk 4 " ee SG. 4 ml oss a 4 
—10", 1Q= 0.877, 6.14 x 10° 
Be Oe a ak SCO 
[ 0.877, 62.4 x rd 
The voltage gain and the input and output impedances may be calculated with 


reference to Figure 4.14. Rs, the signal source impedance in Figure 4.15 will be chosen 
as 1K. The equivalent circuit is shown in Figure 4.18. 


&o 


e 
5 =Av, —°—=G 


EQUIVALENT CIRCUIT OF FIGURE 4.17 
Figure 4.18 
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Figure 4.19 shows the variation of Ay, Zi, Zo for three values of Rr: co *, 10K, and 1K 
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e; h¢e hy Z 
INPUT IMPEDANCE Zs 7) «hj - (4bb) 
a) I+hoZ 
MATCHED INPUT IMPEDANCE * Zim= 04 [D -JC] + jb; (4cc) 
io h¢he 
OUTPUT ADMIT TANCE Yo= pe ho- hi +Z (4dd) 
VARIATON OF A,, Z:, AND Z, FOR THREE VALUES OF R; eS Se. 
Figure 4.19 
MATCHED OUTPUT ADMITTANCE™ — Yom* do [D-jC] + id, (4ee) 
*(In assigning an infinite value to Rr, it must be assumed that bias for the first stage 
of the practical amplifier is provided by an auxiliary means since this bias is ordinarily fe he 
available through the feed-back loop.) CURRENT SAIN MPS? "eheae (aft) 
As would be expected Av is affected by Rr only as far as the feed-back: loop loads 
the output. Z: and Z, are significantly affected though, and the reduction of Zi with Co I 
R; affects G, the overall gain, since VOLTAGE GAIN Ay= “ey. fa hi (I +hoZe (499) 
at gud TZUN he 
ge ae OPERATING POWER GAIN (LOW FREQUENCY ONLY, Zg=Rg,Z,=R_, ) 
i ng 
As mentioned previously the matrix parameters may be complex, i.e., frequency POWER INTO LOAD TthoR 
dependent, as long as linearity with respect to current and voltage is maintained. The S- POWER INTO TRANSISTOR ~ AyAj= om ee (4 hh) 
y parameters and the h parameters are often used to analyze high frequency circuits. r- og ( ~ L 
Figure 4.20 provides useful design equations for this purpose. L . ‘, 
° : F F : * * ‘ a;+b 
With the exception of equation (4hh) all of the equations in Figure 4.20 are valid at MATCHED POWER GAIN * n_* if f (4ii) 
any frequency, provided that the values of the h parameters at that particular frequency aja o[(i+D)*+ ce] 
are used. At the higher frequencies h parameters become complex and the low fre- 
quency h parameters are no longer valid. The matched power gain given by equation MATCH 
(4ii) requires that both the input and the output of the amplifier stage be tuned, and the Mee "ater RAL. POWER GAIN es a4 +b4 . |h¢l? a 
input and output resistances be matched to the generator and load resistance respec- j mu 49; 0 = 40;00 (4j)) 
tively. This situation is seldom met exactly in practice, but it is generally met closely , 
enough to permit accurate results from equation (4ii). Zg*RgtjXg= OUTPUT IMPEDANCE OF GENERATOR 
If the voltage feedback ratio, h,, is very small or is balanced out by external feed- 
back the circuit is said to be unilateral. This means that no signal transmission can take . 
place from the output of the circuit to the input. Under these conditions the input ZL*R_+ Dt, = IMPEDANCE OF ‘LOAD 
impedance of the circuit will be equal to hi and the output impedance will be equal 
to 1/hy. The power gain under matched, unilateral conditions is given by equation (4jj). 
This power gain is a good figure of merit for the transistor since it is independent of © FOR: BATCHED’ CONDITIONS 
circuit conditions and transistor configuration. It represents the maximum power gain Zim? Rg- iXg oy, by tab 
that can be obtained from a transistor under conditions of absolute stability. Fi c= $$ 
Zom=R, ~ IX, 2; A 
REFERENCE pa ela ad ay of by b 
Shea, Richard F. et al, “Principles of Transistor Circuits,” John Wiley & Sons, Inc. (1953 ; Fe Sc St = Ort. 
* ea, ichar eta Tinciples o ransistor Circuits,’”? John iley ons, Inc. ( ) hy =O, + jby Qj 9 
he =a¢ + j be 
p= Wi-F-C 
ho=A +) bo 
TRANSISTOR CIRCUIT EQUATIONS WITH H-PARAMETERS 
Figure 4.20 
i) paren aT Se A ee ee i” 2 eT ee ee ae! 


LARGE SIGNAL 
CHARACTERISTICS 


CHAPTER 


The large signal or d-c characteristics of junction transistors can be described in 
many cases by the equations derived by Ebers and Moll.’ These equations are useful 
for predicting the behavior of transistors in bias circuits, switching circuits, choppers, 
d-c amplifiers, etc. Some of the more useful equations are listed below for reference. 
They apply with a high degree of accuracy to germanium alloy junction transistors 
operated at low current and voltage levels, but are also useful for analyzing other 
types of transistors. 


PARAMETERS 


The parameters used in the following large signal equations are listed below and 
indicated in Figure 5.1. 


PARAMETERS USED IN LARGE SIGNAL EQUATIONS 
Figure 5.1 


Ico Icso Collector leakage current with reverse voltage applied to the collector, 
and the emitter open circuited (Ico has a positive sign for NPN tran- 
sistors and a negative sign for PNP transistors ). 


Ino Ingo Emitter leakage current with reverse voltage applied to the emitter, 
and the collector open circuited (Izo has a positive sign for NPN 
transistors and a negative sign for PNP transistors ). 


an Normal alpha, the d-c common base forward current transfer ratio 
from emitter to collector with output short circuited (a has a positive 
sign for NPN transistors and PNP transistors). In practice, best results 
are obtained if the collector junction has a few tenths of a volt reverse 
bias. Since a is a function of emitter current, the value at that particular 
value of emitter or collector current should be used in the large signal 


equations. 
a Inverted alpha, same as ay but with emitter and collector interchanged. 
Ra, Re, Re Ohmic resistance internal to the transistor and in series with the base, 


emitter, and collector leads respectively. 
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Is, In, Ic D-C currents in the base, emitter, and collector leads respectively; 
positive sense of current corresponds to current flow into the terminals. 

gc Bias voltage across collector junction, i.e., collector to base voltage 
exclusive of ohmic drops (across Rs, Rc); forward bias is considered 
a positive polarity. 

or Bias voltage across emitter junction, i.e., emitter to base voltage exclu- 
sive of ohmic drops (across Rs, Re); forward bias is considered a 
positive polarity. 

Vis, Vos, Vox Terminal voltages: emitter to base, collector to base, and collector to 
emitter respectively. 


A= =a 1/A = 26 millivolts at 25°C form = 1. 

q Electronic charge = 1.60 « 10-” coulomb. 

K Boltzmann’s constant = 1.38 x 10~ watt sec/°C. 

ay Absolute temperature, degrees Kelvin = °C + 273. 

m A constant of value between 1 and 2 (m tends to be nearly 1 for 


germanium transistors and varies between 1 and 2 for silicon tran- 
sistors ). 


A can be determined from a semi-log plot of the junction forward characteristic 
(the semi-log scale is used for the current, while the linear scale is used for the volt- 
age). A portion of the plot will be linear, from which A can be determined 


= AI 
A=In (ay (5a) 


where AV is the corresponding change in voltage for a AI change in current on the 
linear portion of the plot. For both silicon and germanium transistors, the best correla- 
tion between theory and practice is obtained if the grounded base configuration is 
used, and the other junction has a slight reverse bias. 


BASIC EQUATIONS 


The basic equations which govern the operation of transistors under all conditions 
of junction bias are 


anIzo = arco (5b) 

Ip = — 2° (eden —1) + “te Too _ (edge —1) (5c) 
1 — ayar — an 

Io = + —2% Teo (edge —1) — —_l00 __ (eAge —1) (5d) 
1 — anar 1 — anar 


Ik+In+Ic=0 (5e) 


The above equations are written for the direction of current flow shown in Figure 5.1 
and the sign of Iso and Ico as given above under Parameters. The three possible areas 
of transistor operations are: 1) one junction forward biased and one junction reverse 
biased (active), 2) both junctions forward biased (saturated), 3) both junctions 
reverse biased (cutoff). 
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ACTIVE OPERATION 


The transistor behaves as an active device if one junction is forward biased and 
the other is reverse biased. Under normal operation, the collector is reverse biased so 
¢c in equations (5c) and (5d) is negative. If this bias exceeds a few tenths of a volt, 
eA¢c <<, and it can be eliminated from the equations. The collector current can then 
be solved in terms of the leakage currents, current gains, and emitter-base potential, 
thus giving the large signal behavior of the device. 


SATURATED OPERATION 


The transistor can be operated in the normal (grounded emitter) or the inverted 
(grounded collector) connection as seen in Figure 5.2. The equations which are devel- 
oped for each respective configuration will be labeled “normal” and “inverted.” The 
directions of base, collector, and emitter current respectively are taken as into the 
transistor. Where a current flows out of the transistor, it is to be given a minus sign. 
When a (+) sign proceeds the equation, the plus applies to a PNP transistor while 
the minus applies to an NPN transistor. 


C E 
[te 
r, | 
B B 
I, I, 
E c 


(a) Normal (b) Inverted 
THE NORMAL AND INVERTED CONNECTIONS r) 


Figure 5.2 


Under conditions of saturation and neglecting ohmic voltage drops, the voltage drop 
between collector and emitter is given as 


k (1 — ay) 
(Normal) Vor = (+) Siete we EN | (5F) 
© [i+ satsen eid 2] 
¢ (1— ai) 
(Inverted ) Vic = ( mt hel ma 1 a Lah (5g) 


na if z = (1 — ax) | 
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Notice that equation (5g) can be obtained from (5f) by replacing Ic by In, ay by ar in 
the numerator, and a: by ay in the denominator. If the ratio of load current to base drive, 


a or 2, is very small, equations (5f) and (5g) respectively reduce to 

B B 
(Normal) Ver ~ (+) 4 Ines (5h) 
(Inverted ) Vic + (+) as In ax (Si) 


The voltage given by (5h) or (5i) is termed “offset voltage” and is an important 
property in transistor chopper and other low level switching applications. Since a1<ay 
for most transistors, the offset voltage of the inverted connection will be less than 
that of the normal connection. The offset voltage can be made zero by forcing a current 
to flow from collector to emitter for a PNP transistor and from emitter to collector for 
an NPN transistor. 

The transistor in either mode of operation will remain saturated as long as the 
bracketed terms in the numerator or denominator of equations (5f) and (5g) remain 
larger than one. Thus, the transistor behaves as a “closed switch,” and the load current can 
flow through the transistor from collector to emitter or emitter to collector, depending 
upon the polarity of the load supply. If either the numerator or denominator bracketed 
term becomes zero, the log becomes infinite and the transistor comes out of saturation. 
Since a:<ay, it can be seen from equations (5f) and (5g), that both the normal and 
inverted configurations will become unsaturated respectively at lower ratios of - & Te 
if the load current passes from collector to emitter in a PNP transistor and from emitter 
to collector in an NPN transistor. 


By differentiating equation (5f) and (5g) respectively with respect to Ic and Ix, 


the dynamic impedance of the saturated transistor can be found. If ( I = — Je and 
N B 
( : = oe ) {tare much less than 1, then 
I B 
Sf Pay ox 5i 
(Normal) Tan © oe a a ) (5j) 
(Inverted ) raw 4-(+> 28) (5k) 
A Tn ay 
and (ths, se (51) 
Tan ai 


Thus, the dynamic impedance is inversely proportional to the base current. Also, the 
dynamic impedance of the inverted connection is larger than that of the normal con- 
nection since ay>ar. (This is in contrast to the offset voltage where it is smaller for 
the inverted mode than for the normal connection). 

The body resistances Rr and Re can be found by respectively plotting Vcx and Vxe 
as a function of In. The collector and emitter are respectively open-circuited, and the 
voltage is measured with a high impedance millivoltmeter. At high values of base 
current (1 ma and up for most signal transistors ), Vex and Vc become linear functions 
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of Is. The slope of this linear portion of Vcr gives Rx while that of Vrc gives Re. This 
technique applies only to alloy and grown transistors. For mesa and planar transistors, 
the technique does not apply. The reason for this is that the collector junction overlaps 
the base lead forming a forward biased diode between the collector and base contact. 
This diode coupled with the Is Rs drop between the base contact and emitter edge 
prevents the transistor from going hard into saturation.“ For these transistors, Re and 
Re cannot be found indirectly from external measurements. However, at lower base 
currents (where the internal resistance voltage drops are negligible) equations (5h) 
and (5i) are valid for these transistors. 


CUTOFF OPERATION 


By reverse biasing both emitter and collector, equations (5b), (c), and (d) can 
be solved for the emitter and collector currents 


— _ Ico (1 — a1) 
( Normal ) b= a (5m) 
(Inverted ) k= _Tno (1 — ax) (5n) 
1 — ayar 


Equations (5m) and (n) indicate that with both junctions reverse biased, the collector 
current will be less than Ico, and the emitter current will be less than Ino. Thus, for 
switching circuits where low leakage currents are desired, the advantage of using the 
inverted connection can readily be seen. 


USEFUL LARGE SIGNAL RELATIONSHIPS 
COLLECTOR LEAKAGE CURRENT (cso) 


For the direction of current flow shown 


ft Tcto 


—Vo P70. VOLT : 
8 ise ues ey 


(50) 


loko is the collector leakage current with the base open-circuited and is generally 
much larger than Ico. 


COLLECTOR LEAKAGE CURRENT (lczs) 
For the direction of current flow shown 


Ices 
—Vo_>-0.1 VOLT 


Ties =_ Ico (5p ) 


1 — axar 
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Ices is the collector leakage current with the base shorted to the emitter and equals 
the leakage current the collector diode would have if the emitter junction was not 
present. Accurate values of ay and a: for use in the equations in this section are best 
obtained by measurement of Ico, Icko and Ices and calculation of ay and a: from equa- 
tions (50) and (5p). The value of Izo may be calculated from equation (5b). 


COLLECTOR LEAKAGE CURRENT (cen) 


For direction of current flow shown 


Veg >-0. VOLT 
f Tcer | 
= a a ATgoR) Ico 
’ Icer 1 — axa; + ARIxzo (1—ay) (5q) 


Icer is the collector leakage current measured with the emitter grounded and a resistor 
R between base and ground. The size of the resistor is generally about 10 K. From 
equation (5q), it is seen that as R becomes very large, Icer approaches Iczo—equation 
(50). Similarly, as R approaches zero, Icrr approaches Icks—equation (5p). 


COLLECTOR LEAKAGE CURRENT — SILICON DIODE IN SERIES WITH EMITTER 
For direction of current flow shown 


Vo >-08 VOLT 
ft % 
— (1 + AlgoR — a1AVp) Ico 
Oo Te aa t ABlcgig id (Seq 
R Vp 


This circuit is useful in some switching applications where a low collector leakage 
current is required and a positive supply voltage is not available for reverse biasing 
the base of the transistor. The diode voltage Vp used in the equation is measured at a 
forward current equal to the Ico of the transistor. This equation holds for values of Ic 
larger than Ico. 


BASE INPUT CHARACTERISTICS 


I, for Ic = 0 
gq 
Vex = In (Rx + Ra) + 1 In (-2-+1) (5s) 
VBE EO 
i—-_| for Vex > —.1 volt 


Vez = In (Rs ab Re ) ale 1 jy f 1s G—avay) clits ok Cae] (5t) 
1 — ayn A 


Tzo (l—ay) a:(1—ay) 
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A comparison of equations (5s) and (5t) indicates that they are approximately 
equal if Rx is small and ay is smaller than a:. For this condition, the base input charac- 
teristic will be the same whether the collector is reverse biased or open-circuited. 


VOLTAGE COMPARATOR CIRCUIT 


Tg 
Vv 
— oe TOV 9 = Vice 


Sainte akc aeres cry le 


If an emitter follower is overdriven such that the base current exceeds the emitter 
current, the emitter voltage can be made exactly equal to the collector voltage. For 
example, if a square wave with an amplitude greater than V.. is applied to the base 
of the transistor, the output voltage V. will be a square wave exactly equal to Vee. 
Equation (5u) gives the base current required for this condition and indicates that the 
transistor should be used in the inverted connection if the required base current is to 
be minimized. This circuit is useful in voltage comparators and similar circuits where 
a precise setting of voltage is necessary. 


REFERENCES 

‘© Ebers, J.J., Moll, J.I., “Large — Signal Behavior of Junction Transistors,” Proc. I.R.E., Vol. 42, 
December, 1954. 

© Pritchard, R.C., “Advances in the Understanding of the P-N Junction Triode,” Proc. I.R.E., Vol. 
46, June, 1958. 

“® Henkels, H.W., “Germanium and Silicon Rectifiers,” Proc. I.R.E., Vol. 46, June, 1958. 

“ Rundenberg, H.G., “On the Effect of Base Resistance and Collector-to-Base Overlap on the Satura- 
tion Voltages of Power Transistors,”’ Proc. I.R.E., Vol. 46, pp. 1304-1305, June, 1958. 


SWITCHING CHARACTERISTICS 


CHAPTER 


An ideal switch is characterized by an infinite resistance when it is open, zero 
resistance when it is closed, and an input by which it can be opened or closed. Tran- 
sistors can be used as switches. The advantages which transistor switches offer over 
mechanical switches are that there are no moving or wearing parts, they are easily 
activated from various electrical inputs, and associated problems such as contact 
bounce and arcing are essentially eliminated. The common emitter configuration is 
most often used for transistor switching. The collector and emitter correspond to switch 
contacts; base to emitter current performs the input function. Common emitter tran- 


COLLECTOR CHARACTERISTICS 
Figure 6.1 


sistor collector characteristics are shown in Figure 6.1 which illustrates a transistor in a 
switching application. Near the operating point A, the transistor switch is in the open 
or high resistance state. When In = 0, Ic = Ico divided by 1—a. Since 1 —a is a small 
number Ic may be several times greater than Ico. A higher resistance may be achieved 
by shorting the base to the emitter. Once the emitter junction is reverse biased by more 
than .2 volts Ic approaches Ico. This achieves the highest resistance from collector to 
emitter. 


Operating point B corresponds to a closed switch. Ideally the voltage from collector 
to emitter would be zero. In practice, however, there is always an appreciable voltage 
across the transistor. The best switches are germanium alloy transistors such as the 
2N525 which has about 1 ohm resistance when switched on. Germanium mesa tran- 
sistors such as the 2N781 have a saturation resistance of 5 ohms or less. Silicon planar 
epitaxial units such as the 2N2193A have about 1.2 ohms saturation resistance and 
approach the performance of germanium alloy types. These values, however, are 
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dependent upon collector and base current levels and are normally specified as a 
saturation voltage, Vcx «sam, for given current levels. In order that a low resistance be 
achieved, it is necessary that point B lie below the knee of the characteristic curves. 
The region below the knee is referred to as the saturation region. Enough base current 
must be supplied to ensure that this point is reached. It is also important that both 
the on and off operating points lie in the region below the maximum rated dissipation to 
avoid transistor destruction. It is permissible, however, to pass through the high dissi- 
pation region very rapidly since peak dissipations of about one watt can be tolerated 
for a few microseconds with a transistor rated at 150 mw. In calculating the Is neces- 
sary to reach point B, it is necessary to know how hrs varies with Ic. Curves such as 
Figure 6.2 are provided for switching transistors. Knowing hrre from.the curve gives 


Is min Since Ip min =. Generally In is made two or three times greater than Is min 
FE 


to allow for variations in hrz with temperature or aging and, as will be pointed out 
later, to improve some of the transient characteristics. The maximum rated collector 
voltage should never be exceeded since destructive heating may occur once a transistor 
breaks down. Inductive loads can generate injurious voltage transients. These can be 
avoided by connecting a diode across the inductance to absorb the transient as shown 
in Figure 6.3. 

Even with the diode connected, large peak power transients can occur unless the 
transistor is switched off rapidly. If the transistor is switched off slowly, as soon as 
the collector comes out of saturation the collector voltage will rise to the supply 
voltage as the inductor attempts to maintain a constant current. At this instant, tran- 
sistor dissipation is the product of supply voltage and maximum load current. Specific 
circuit components determine whether this dissipation is excessive. 


Vce*-IV 
Ta *25°C 


BASE CURRENT GAIN (hee) 


-80 ~100 -120 140 “160 180 
COLLECTOR CURRENT Ic (MA) 


D.C. BASE CURRENT GAIN (hrx) 
VS. COLLECTOR CURRENT 


Figure 6.2 


Lighted incandescent lamps have about 10 times their off resistance, consequently, 
Is must be increased appreciably to avoid overheating the switching transistor when 
lighting a lamp. 
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A typical switching circuit is shown in Figure 6.4. The requirement is to switch a 
200 ma current in a 25 volt circuit, delivering 5 watts to the load resistor. The 
mechanical switch contacts are to carry a low current and be operated at a low voltage 
to minimize arcing. The circuit shown uses a 2N525. The IK resistor from the base 
to ground reduces the leakage current when the switch is open. Typical values are 
indicated in Figure 6.4. 


=£ 


DIODE 
IN3605 FOR SMALL INDUCTANCE 
INS| FOR LARGE |INDUCTANCE 


INDUCTANCE 


PNP 


DIODE USED TO PROTECT TRANSISTOR 
FROM INDUCTIVE VOLTAGE TRANSIENTS 


Figure 6.3 


-25v TYPICAL VALUES 
1250 I, = 804A SWITCH OPEN 
5 WATTS 
Ie + 0.2A SWITCH CLOSED 
I, = 10mA= CURRENT THROUGH SWITCH 
SWITCH i999 
tee 2N525 Vce = I9V SWITCH CLOSED 
SV Vpe 7 -48V SWITCH CLOSED 
| 1K 
INPUT POWER = 15 MILLIWATTS 
= = LOAD POWER = 5 WATTS 


TYPICAL TRANSISTOR SWITCH APPLICATION 
Figure 6.4 


STEADY STATE CHARACTERISTICS 


Four items — leakage current, current gain, dissipation, and saturation — which 
have already been briefly mentioned, must be considered in determining the steady 
state characteristics of switching transistors. At high junction temperatures, Ico can 
become a problem. In the off condition, both the emitter and collector junctions are 
generally reverse-biased. As a rule, the bias source has an appreciable resistance per- 
mitting a voltage to be developed across the resistance by Ico. The voltage can reduce 
the reverse bias to a point where the base becomes forward biased and conduction 
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occurs. Conduction can be avoided by reducing the bias source resistance, by increas- 
ing the reverse bias voltage, or by reducing Ico through a heat sink or a lower dissipa= 
tion circuit design. 


The Ico of a transistor is generated in four ways. One component originates in 
the semiconductor material in the base region of the transistor. At any temperature, 
there are a number of interatomic energy bonds which will spontaneously break into 
hole-electron pairs. If a voltage is applied, holes and electrons drift in opposite diree- 
tions and can be seen as the Ico current. If no voltage is present, the holes and electrons 
eventually recombine. The number of bonds that will break can be predicted theo- 
retically to double about every 10°C in germanium transistors and every 6°C in silicon. 
Theory also indicates that the number of bonds broken will not depend on voltage over 
a considerable voltage range. At low voltages, Ico appears to decrease because the drift 
field is too small to extract all hole-electron pairs before they recombine. At very high 
voltages, breakdown occurs. 


A second component of Ico is generated at the surface of the transistor by surface 
energy states. The energy levels established at the center of a semiconductor junction 
cannot end abruptly at the surface. The laws of physics demand that the energy levels 
adjust to compensate for the presence of the surface. By storing charges on the surface, 
compensation is accomplished. These charges can generate an Ico component; in fact, 
in the processes designed to give the most stable Ico, the surface energy levels con- 
tribute much Ico current. This current behaves much like the base region component 
with respect to voltage and temperature changes. It is described as the surface 
thermal component in Figure 6.5. 

A third component of Ico is generated at the surface of the transistor by leakage 
across the junction. This component can be the result of impurities, moisture, or surface 
imperfections. It behaves like a resistor in that it is relatively independent of tempera- 
ture but varies markedly with voltage. 


The fourth component of Ico is generated in the collector depletion region. This 
component is the result of hole-electron pair formation similar to that described as the 
first Ico component. As the voltage across the collector junction is increased, the deple- 
tion region will extend into the base and collector regions. The hole-electron pairs 
generated in the base portion of the depletion region are accounted for by the first Ico 
component discussed, but those generated in the collector portion of the depletion 
region are not included. The number of pairs generated in the collector portion of the 
depletion region and, thus, the Ico from this region depend on the volume of the 
depletion region in the collector. Inasmuch as this volume is a function of collector 
and base resistivity, of junction area, and of junction voltage, the fourth component 
of Ico is voltage dependent. In an alloy transistor, this component of Ico is negligible 
since the collector depletion layer extends only slightly into the collector region due to 
the high base resistivity and low collector resistivity. In a mesa or planar structure 
where the collector region is not too heavily doped the depletion region extends into 
the collector, and this fourth Ico component may be appreciable. Since the mechanism 
of Ico generation here is hole-electron pair formation, this component will be tempera- 
ture sensitive as well as voltage dependent. 


Figure 6.5(A) shows the regions which contribute to the four components. Figure 
6.5(B) illustrates how the components vary with voltage. It is seen that while there is 
no way to measure the base region and surface energy state components separately, 
a low voltage Ico consists almost entirely of these two components. Thus, the surfa 
leakage contribution to a high voltage Ico can be readily determined by subtractin; 
out the low voltage value of Ico, if the collector depletion layer contribution is small. 
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Figure 6.5 


COLLECTOR VOLTAGE 


Figure 6.5(C) shows the variation of Ico with temperature. Note that while the 
surface thermal component, collector depletion region component and base component 
of Ico have increased markedly, the surface leakage component is unchanged. For this 
reason, as temperature is changed the high voltage Ico will change by a smaller per- 
centage than the low voltage Ico. 

Figure 6.6 shows the variation of Ico with temperature and voltage for a number 
of transistor types. Note that the curves for the 2N396 agree with the principles above 
and show a leakage current less than one microampere. 


The variation of current gain at high temperatures is also significant. Since hrn is 
defined as Ic/Is, hrz depends on Ico since Ic ~ hre (Is + Ico). If Is = 0 ice., if the base 
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is open circuited, a collector current still flows, Ic = hre Ico. Thus, hre is infinite when 
Is = 0. As base current is applied, the ratio Ic/Is becomes more meaningful. If hre 
is measured for a sufficiently low Ic, then at a high temperature hreIco will become 
equal to Ic. At this temperature hrz becomes infinite since no Is is required to maintain 
Ic. The AC current gain hre, however, is relatively independent of Ico and generally 
increases about 2:1 from —55°C to +85°C. Figure 6.7 illustrates this fact. 
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The different electrical properties of the base, emitter, and collector regions tend 
to disappear at high temperatures with the result that transistor action ceases. This 
temperature usually exceeds 85°C and 150°C in germanium and silicon transistors, 
respectively. 

When a transistor is used at high junction temperatures, it is possible for regenera- 
tive heating to occur which will result in thermal run-away and possible destruction of 
the transistor. For the maximum overall reliability, circuits should be designed to pre- 
clude the possibility of thermal run-away under the worst operating conditions. The 
subject of thermal run-away is discussed in detail in Chapter 7. 

A major problem encountered in the operation of transistors at low temperatures is 
the reduction in both the a-c and d-c current gain. Figure 6.7 shows the variation of 
hrs with temperature for the 2N525 and indicates that at —50°C the value of hry 
drops to about 65% of its value at 25°C. Most germanium and silicon transistors show 
approximately this variation of hrz and hre with temperature. In the design of switch- 
ing circuits the decrease of hrr and the increase of Var at the lower temperatures must 
be taken into account to guarantee reliable circuit operation. 
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Figure 6.7 


As with most electrical components, the transistor’s range of operating conditions 
is limited by its power dissipation capabilities. 

Because the transistor is capable of a very low Vcz when it is in saturation it is 
possible to use load lines which exceed the maximum rated dissipation during the 
switching transient, but do not exceed it in the steady state. Such load lines can be 
used safely if the junction temperature does not rise to the runaway temperature 
during the switching transient. If the transient is faster than the thermal time constant 
of the junction, the transistor case may be considered to be an infinite heatsink. The 
junction temperature rise can then be calculated on the basis of the infinite heatsink 
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derating factor. Since the thermal mass of the junctions is not considered, the calcula: 
tion is conservative. 

In some applications there may be a transient over-voltage applied to transistors 
when power is turned on or when circuit failure occurs. If the transistor is manufactured 
to high reliability standards, the maximum voltages may be exceeded provided the 
dissipation is kept within specifications. While quality alloy transistors and grown 
junction transistors can tolerate operation in the breakdown region, low quality alloy 
transistors with irregular junctions should not be used above the maximum voltage 
ratings. Many mesa and planar transistors exhibit negative resistance after breakdown. 
Precautions should be taken to avoid this region or limit dissipation. 


Quality transistors can withstand much abuse. 2N396 transistors in an avalanche 
mode oscillator have been operated at peak currents of one ampere. 2N914 transistors 
in the avalanche mode have generated an 8 ampere pulse with no apparent degradation, 
Standard production units however should be operated within ratings to ensure con- 
sistent circuit performance and long life. 


It is generally desirable to heatsink a transistor to lower its junction temperature 


since life expectancy as well as performance decreases at high temperatures. Heat 
sinks also minimize thermal fatigue problems, if any exist. 
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Figure 6.8(A) 


A transistor is said to be in saturation when both junctions are forward biased. 
Looking at the common emitter collector characteristics shown in Figure 6.8(A) the 
saturation region is approximately the region below the knee of the curves, since hrg 
usually falls rapidly when the collector is forward biased. Since all the characteristic 
curves tend to become superimposed in the saturation region, the slope of the curves 
is called the saturation resistance. If the transistor is unsymmetrical electrically — 
and most transistors are unsymmetrical — then the characteristics will not be directed 
towards the zero coordinates but will be displaced a few millivolts from zero. For ea 
of measurement, generally the characteristics are assumed to converge on zero so that 
Ic 


the saturation resistance is ror «sam = ——“— . 
Ver (SAT) 
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Figure 6.8(B) 


While the characteristic curves appear superimposed, an expanded scale shows 
that Vcr iam depends on Is for any given Ic. The greater Is is made, the lower Vox sar 
becomes until Is is so large that it develops an appreciable voltage across the ohmic 
emitter resistance and in this way increases Vcesar. In most cases the saturation 
voltage, Vcr «sam, is specified rather than the saturation resistance. Figure 6.8(B) show- 
ing the collector characteristics in the saturation region, illustrates the small voltage 
off-set due to asymmetry and the dependence of rez sar) On Ip. Note also that ree«sar 
is a low resistance to both AC and DC. 


In accordance with theory the collector saturation voltage, Vex «sar, decreases 
linearly with temperature for most transistors. In the case of alloy transistors, this is a 
result of the increase of Ico with temperature which increases the effective base charge 
at high temperatures. However, transistors which have an appreciable ohmic resistance 
in series with the collector or silicon transistors which have a low Ico, generally exhibit 
a positive temperature coefficient for Ver isa. 


The base to emitter voltage, Vaz, has a negative temperature coefficient which is 
about 2.0 millivolts per degree Centrigrade for both silicon and germanium transistors. 
Figure 7.1 shows the emitter to base characteristics of the 2N525 at several different 
temperatures. The series base resistance and emitter resistance (r»’, re’) have a positive 
temperature coefficient so that the IR drops across these resistances can offset the 
normal variation of Vax at high values of base current. 

The increase in Vcz «ar and the decrease in Vse at high temperatures can lead to 
instability in DCTL circuits such as shown in Figure 6.21 and result in operation closer 
to saturation in circuits such as those shown in Figure 6.23. 
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The speed with which a transistor switch responds to an input signal depends on 
the load impedance, the gain expected from the transistor, the operating conditions 
just prior to application of the input signal, as well as on the transistor’s inherent 
characteristics. 
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TRANSIENT RESPONSE 
Figure 6.9 


Consider the simple circuit of Figure 6.9(A). Closing and opening the switch 
to generate a pulse as shown in Figure 6.9(B), gives the other waveforms shown. When 
the switch closes, current flows through the 20K resistor to turn on the transistor. How- 
ever there is a delay before collector current can begin to flow since the 20K must 
discharge the emitter capacitance which was charged to —10 volts prior to closing 
the switch. Also, the collector capacitance which was charged to —20 volts prior to 
closing the switch must be discharged to —10 volts. 


Time must also be allowed for the emitter current to diffuse across the base region. 
A third factor adding to the delay time is the fact that at low emitter current densities 
current gain and frequency response decrease. The total delay from all causes is called 
the “delay time” and is measured conventionally from the beginning of the input pulse 
to the 10% point on the collector waveform as shown in Figure 6.9(D). Delay time 
can be decreased by reducing the off bias voltage, and by reducing the base drive 
resistor in order to reduce the charging time constant. At high emitter current densities, 
delay time becomes negligible. Figure 6.10 shows typical delay times for the 2N3! 
transistor. 
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Figure 6.10 
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Figure 6.11(A) 


The “rise time” refers to the turn-on of collector current. By basing the definition of 
rise time on current rather than voltage it becomes the same for NPN and PNP tran- 
sistors. The collector voltage change may be of either polarity depending on the tran- 
sistor type. However, since the voltage across the collector load resistor is a measure 
of collector current, it is customary to discuss the response time in terms of the collector 
voltage. If all other circuit parameters are kept constant, the rise time will decrease 
as the drive current is increased as shown in Figure 6.11(A). Turn-on time (delay time 
plus rise time) is shown for the 2N994, a germanium epitaxial mesa in Figure 6.11(B). 
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Storage time is the delay a transistor exhibits before its collector current starts to 
turn off. In Figure 6.9, Rs and Rx are chosen so that Rx rather than hre will limit 
collector current. The front edge of the collector waveform, Figure 6.9(D), shows the 
delay time, ta, followed by the nearly linear rise time, t.. When the collector voltage 
falls below the base voltage, the base to collector diode becomes forward biased with 
the result that the collector begins emitting. By definition, the transistor is said to be 
in saturation when this occurs. This condition results in a stored charge of carriers in 
the base region and in some cases in the collector region. 
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Since the flow of current is controlled by the carrier distribution in the base, it is 
impossible to decrease the collector current until the stored carriers are removed, 
When the switch is open in Figure 6.9, the voltage at A drops immediately to —10 
volts. The base voltage at B however cannot go negative since the transistor is kept on 
by the stored carriers. The resulting voltage across Rs causes the carriers to flow out of 


0.6 D 
the base to produce a current Inz. As soon as the stored carriers are swept out, the we geet em enee 
transistor starts to turn off with the base voltage dropping to —10 volts and the base ‘us LEE ce oe ae y 


current decreasing to zero. The higher In: is, the greater the stored charge; the higher 
Iz is, the faster charge is swept out. Figure 6.12 shows the dependence of storage 


a 
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Figure 6.12 
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Figure 6.11(B) 


The “fall time,” tr, of a transistor is analogous to the rise time in that the transistor 

traverses the active region during this time. As normally defined, fall time is the time 

for the transistor to switch from 90% ON to 10% ON as shown in Figure 6.9(D). 

Figure 6.13(A) shows typical fall time measurements for a 2N396. Turn off time (stor 
age plus fall time) for the 2N994 is shown in Figure 6.13(B). 
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Figure 6.13(A) 
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sy T ‘ae The an, the common base current gain at a frequency f, is defined as 
PNP EPITAXIAL MESA @n=—=—*®. 
TRANSISTOR TYPE 2N994 1+] pe (6a) 
Veg= ~5.0 VOLTS fa 
I, =20ma where ax = low frequency common-base current gain 


Rp =IK 


f. = alpha cutoff frequency 


Since both junctions are forward biased during storage time, the inverse character- 
istics of the transistor are involved in storage prediction. The inverse characteristics 
are obtained by interchanging the collector and emitter connections in any test circuit. 
They are identified by the subscript I following the parameter, e.g., hre: is the inverse 
DC beta. In the equivalent circuit approach, the storage time is analyzed by consider- 
ing both junctions as emitting junctions. The common base current gain in the normal 
condition is given in equation (6a). In the inverse mode of operation, 
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Figure 6.13 (B) a: = low frequency inverse common base current gain. 


f.1 = inverse a cutoff frequency. 


TRANSIENT RESPONSE PREDICTION 


A number of methods exist which enable one to predict the speed of response of 
a given transistor in a given circuit. Three fundamental methods are: the equivalent 
circuit approach, charge control analysis, and the diffusion equation solution. The 
equivalent circuit method normally uses the equivalent circuits shown in Figure 6.14, 


Using equivalent circuits, the storage time is defined as the time required for the 
collector to become back-biased — i.e., to stop emitting. As will be shown shortly, this 
is also the same as requiring that excess base charge be removed. 


From the equivalent circuit, the transient times can be approximated. For delay 
time, the effects of the collector capacitance can be neglected if Ecc is much greater 


NPN polarity is used in the circuits. 
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than Ey. If E, and R (in Figure 6.14(A)) approximate a current source, then 

eer Cer (Ex) X Ez 

a ee Ue) X Be 

In 

Ce» (Ez) is the average effective capacitance of the emitter junction between E» 
volts reverse bias and the forward biased condition. A method of approximating this 
capacitance will be discussed later in this section in conjunction with the charge 
control parameters. In the following graphs results of the equivalent circuit approach 


are shown for the common emitter configuration. Figure 6.15 gives the rise time 
information. 
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If the load resistor Ru in Figure 6.9(a) is small enough that a current hre I 
through it will not drive the transistor into saturation, the collector current will ri 
exponentially to hreIs: with a time constant, hrr/27f.. However, if Rx limits the 
rent to less than hrrIn: the same exponential response will apply, except that the curve: 


will be terminated at Ics = ve , the saturation current. Figure 6.15 illustrates the case 


L 
for Ics ~ hreIs:/2. Note that the waveform will no longer appear exponential but 
rather almost linear. This curve can be used to demonstrate the roles of the circuit 
and the transistor in determining rise time. For a given transistor it is seen that increas- 
ing hrels:/Ic will decrease rise time by having Ic intersect the, curve closer to the 
origin. Since the approximate equation assumes that hrx and fa are the same for all 
operating points and that the collector capacitance effects are negligible, the calcu- 
lated results will not fit experimental data where these assumptions are invalid. Figure 
6.11(A) showed that the rise time halves as the drive current doubles, just as the 
expression for tr suggests, since in this case capacitance effects were small; however, 
the calculated value for tr using the approximate expression is in error by more than 
50%. This shows that even though the calculations may be in error, if the response 
time is specified for a circuit, it is possible to judge fairly accurately how it will change 
with circuit modifications using the above equations. 

Collector current fall time can be analyzed in much the same manner as rise time. 
Figure 6.16 indicates the exponential curve of amplitude Ic + hrelInz, and a time con- 
stant, hre/2rf.. Fall time is given by the time it takes the exponential to reach Ics. 
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Figure 6.16 


In the approximate expression in Figure 6.16, tr: will be approximately equal to 


1_ x kes if here is very large compared to Ics/Ine. 
Qrf. = Ine 
Figure 6.17 shows a curve which is useful for calculating storage time graphically. 


The maximum value is hrs (Im: + Is2), where Inz is given the same sign as Is:, ignoring 
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the fact it flows in the opposite direction. The time constant of the curve involves the 
forward and inverse current gain and frequency cut-off. The storage time corresponds 
to the time required to reach the current hreIs: —Ic. It can be seen that for a given 
frequency response, high hre gives long storage time. The storage time also decreases 
us Ine is increased or Im is decreased. 
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The time constant for a very unsymmetrical transistor is approximately heer +1 It is 
What 


seen that the generally specified normal hre and fz are of little use in determining 
storage time. For a symmetrical transistor, the time constant is approximately 
hee + 1 
Qrfo 
an unsymmetrical transistor with the same hrr and fa. 


. It is possible for a symmetrical transistor to have a longer storage time than 


Using the charge control approach, the transistor is viewed from a more funda- 
mental vantage point. The actual charge requirements of various regions within the 
device are determined, and the transient times are found by calculating the time 
required to supply the various charge components. The emitter and collector junctions 
of a transistor when in the cutoff condition are reversed biased; in this condition only 
leakage currents flow across the junctions, the base charge is negligible and the junc- 
tion depletion layers are wide because of the reverse bias applied as shown in Figure 

6.18(A). In Figure 6.9(A), this condition exists in the transistor when the switch is 
open; Vze is equal to —10 volts and Vcr is equal to 20 volts. Immediately after the 
switch is closed, no collector current flows since the emitter junction is reverse biased, 
thus the initial base current which flows supplies charge to the emitter and collector 
junction depletion layers and soon causes the emitter junction to become forward 
biased and begin emitting as shown in Figure 6.18(B). The quantity of charge which 
has been supplied to the emitter junction depletion region is called Qz and is a func- 
tion of the reverse bias voltage which was applied to the junction prior to the appli- 
cation of the turn-on signal. The charge supplied to the collector depletion region 
during this time is denoted Qcp and is a function of the reverse bias on the emitter, 
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and the collector supply voltage being switched. Looking again at Figure 6.9(A), 
condition illustrated in Figure 6.18(B) exists when Vse equals about .3 volts and Vi 
equals about 10 volts. , 

With the emitter junction now forward biased, the transistor enters the acti 
region. Collector current begins to flow and the voltage at the collector begins to di 
because of the presence of the collector load resistor, Rx, shown in Figure 6.9(A 
During this time a gradient of charge is established in the base region of the tr: 
sistor. The slope of this charge gradient is proportional to the collector current whi 
is flowing. If the base current supplied is greater than the rate of recombination 
charge in the base region, the gradient will continue to rise until an equilibri 
condition is reached. If equilibrium is reached before the collector junction is for- 
ward biased, the transistor will not saturate. Since the recombination rate of char, 
in the base is Ic/hre (or Is:), the collector current will rise to hre Is if the devi 
does not saturate. If, on the other hand, the collector current causes the collector-base 
junction to become forward biased before equilibrium is reached, the device will 
saturate. The existing condition within the transistor at the edge of saturation ig 
depicted in Figure 6.18(C). The time required to move from the edge of cutoff to the 
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edge of saturation is the rise time. Charge quantities involved are the base gradient of 
charge Qs, which is a function of collector current flowing, and Qc, which is a function 
of Vos. Qc is the charge required to cause the collector junction to narrow and becomes 
forward biased. Since measurement of Qs and Qe is frequently accomplished by 
measuring the two quantities together and then separating them as shown in Chapter 
15, the sum of Qs and Qc is frequently used and is called Qz*. At the edge of satura- 
tion the Vze is about .3 volt and Ves is 0 volts if the bulk resistance of the collector 
body is neglected. Since equilibrium is not established with respect to the base current, 
charge in excess to that required to saturate the transistor is introduced into the base 
region. The base gradient of charge remains constant since the collector current is at a 
maximum for the circuit; the excess charge, Qzx, is a function of the current which is 
permitted to flow into the base in excess of that required to saturate the transistor. 
This current is called Isx. Distribution of Qsx in the transistor is shown in Figure 
6.18(D). 


In the alloy type transistor, essentially all of the stored charge is in the base region. 
In devices where the collector bulk region has high minority carrier lifetime, excess 
carriers can also be stored in the collector. These carriers reach the collector from the 
base since the collector junction is now forward biased and base majority carriers are 
free to flow into the collector region during saturation. These stored carriers have no 
effect in turn-on time. Storage time, however, is the time required to remove these 
stored carriers as well as those stored in the base. Both the mesa and planar devices 
exhibit collector minority carrier storage. The epitaxial process used in General Electric 
transistors 2N781, 2N914, 2N994 and the 2N2193 minimizes collector storage while 
not adversely effecting collector breakdown voltage or other desirable characteristics 
of the transistor. Incidentally, it may be possible to meet the electrical specification of 
a given registration without using epitaxial techniques. Component manufacturer’s 
data should be consulted for process information. 


From the various charge quantities introduced, a number of time constants can be 
described that relate the charge quantities to the currents flowing; these time constants 
are defined in equations (6d). 
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ta is called the active region lifetime, r. is called the collector time constant, and 
t» is the effective lifetime in the saturated region. In some literature 7, has been called 
ts. Where collector minority carrier storage exists the measurement method for 7» 
shown in Chapter 15 does not only measure Qax/Isx but includes much of the collec- 
tor stored charge; as such, this parameter is still a valuable tool in rating the storage 
characteristics of various transistors since a low 7, value indicates a low storage time. 
The time constants defined are constant over large regions of device usage and are 
normally specified as device constants. 


To determine the transient response using the charge approach, the required charge 
for the time in question is divided by the current available to supply that charge; thus, 
the basic equations are as given in Equation (6e). 
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The lack of simplicity of these equations is also readily seen. If the drive-on current 

is not sufficient to drive the transistor into saturation the collector current will rise to 

hrs Iz with a time constant slightly greater than r, as shown in (6g). Fall time is also 

determined by using the time constant of the tr expression in (6g), but the magnitude 

attempts to reach hrx In: in the reverse direction before it is interrupted at I. = 0. Thus, 
the turn-off time from the non-saturated state is 
pj oe (Ak al ie Ine + t=: 
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The charge control parameters as they appear on the 2N396A alloy device are 
shown in Figure 6.19(A). On the specification, transient times are defined from 10% to 
90% points to make their measurements easier as shown in Figure 6.9(D). This defini- 
tion, however, demands that the equations be slightly modified to accommodate these — 
new definitions of transient times. The modified form is shown in Figure 6.19(A) with 
the 2N396A specification. Figure 6.19(B) shows the charge graphs for the 2N994. 

Frequently, it is convenient to know some of the relationships between charge 
control parameters and small signal parameters. Convenient approximate interrelation- 
ships are shown in equations (6h). 
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2N994 CHARGE SPECIFICATION 
(B) 


Figure 6.19 
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Expressions for the emitter and collector depletion layer charge can be approxi- 
mated from small signal capacitance measurements on the respective junctions. If Cy, 
is known at some reverse bias Vcs with In = 0, the Qc can be approximated if it is 
known whether the device has alloy, grown, or diffused junctions. If the device is an 
alloy transistor, then 

Cozik Vos? (6i) 
where k is a proportionality constant. The approximate depletion layer charge required 
for the alloy junction voltage to move from Vcr: to Ven is found from equations 6j and 
6k or Table 6.1. 7 
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Qc = f Co dV = kV72 dV (6}) 
Vor. 2 CB 
Vore 
Qc = 2k Ves”? = 2k (Vens? — Veni”) (6k) 
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The value of k is found from the small signal capacitance measurement and the 
expression given in equation (6i); that is, the junction constant k is found for the 
collector junction of an alloy transistor by multiplying the measured C.» by (Vcs)'# 
where Vos is the measurement voltage. Table 6.1 gives these formulae for other struc- 
tures. For grown junctions, the capacitance is proportional to Vcs~”* while for diffused 
junctions — mesa and planar structures — an approximate value of Vcn~ is frequently 
used. The diffused junction capacitance may, however, be proportional to voltage 
functions anywhere from Ves” to Ves“ and will vary with voltage level. Table 6.1 
indicates some of the results from these considerations. 


*The Ver or Ves in these expressions is the measurement voltage for Con or Ci» respectively. 


Table 6.1 
APPROXIMATE VALUES OF Qc. AND Q; FROM C., AND Cy, 


An instance where Table 6.1 would be of value is in determining the charge re- 
quirements for delay time. From equations (6d), it is seen that the delay time charge 
is Qe + Qon. If the reverse bias on an alloy transistor is V2 and the supply voltage is 
Vee, then 


94 


ee SWITCHING CHARACTERISTICS 


Ve 

Qn = 2k. Ven | c= i2ks Vi" 
O 
Ve + Vee 


Gwe te. eel ak [(v: + Ved — Ver] 


ce 


or 


Qe + Qe = 2k. Ve" + 2k [(v: + Vee)? — Veo? 


On the 2N396A specification shown in Figure 6.19, the Qcv value would be taken 
from the Qcio graph by finding Qc at Vz + Vee and subtracting Qe at Vee from it. 
Cue is specified as the average base-emitter junction capacitance and is essentially 
equivalent to the capacitance at 1 volt reverse bias. The Cre value is thus numerically 
equal to ke. Using these charge parameters, one can rapidly determine response char- 
acteristics. Even if the input is not a current source, the charge requirements of the 
device are useful. For example, the speed-up capacitor in RCTL (Resistance Capacitor 
Transistor Logic) circuits can be estimated. 


Also, since the charge graphs as shown in Figure 6.19 illustrate the effects of col- 
lector current and voltage separately, a designer can readily estimate the effects of 
supply voltage or load current variation on the transient response of a circuit. It is 
interesting to note, for example, that at high current levels in the 2N396A specification 
the depletion layer charge, Qc, is only a small fraction of Qz, whereas on a mesa device 
like the 2N781 or 2N994, the collector depletion charge Qc is a large fraction of the 
total base charge (Qs + Qc) at almost all operating points of interest, as shown in 
Figure 6.19 for the 2N396A and 2N994. These observations would argue that for alloy 
transistors the supply voltage level which is being used need not be as critically 
selected as for mesa units, and that the mesa’s ability to switch rapidly is shown more 
readily at low collector supply voltages. 

Solution of the diffusion equation for transient speed of a transistor is beyond the 
scope of this manual. Two important results of this analysis should be stated however. 
First, any prediction using equations given in this section to predict a response time 
approaching 1/(25 f.) should not be accepted since approximations made are not valid 
at these speeds. Secondly, as Ip: becomes larger, the error in storage and fall time 
equations increases since the minority carrier density in the base, shortly after the 
application of the turn-off pulse, is not as shown in Figure 6,.18(D), but is more like 
that shown in Figure 6.20 
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BASE CHARGE DISTRIBUTION WITH LARGE Ip: 
Figure 6.20 
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CIRCUIT TECHNIQUES TO AUGMENT 
SWITCHING CHARACTERISTICS 


Some circuits have been designed making specific use of saturation. The direct 
coupled transistor logic (DCTL) flip-flop shown in Figure 6.21 utilizes saturation. 
In saturation Vcr «wat can be so low that if this voltage is applied between the base 
and emitter of another transistor, as in this flip-flop, there is insufficient forward bias 
to cause this transistor to conduct appreciably. The extreme simplicity of the circuit 


DIRECT COUPLED TRANSISTOR LOGIC (DCTL) FLIP-FLOP 
Figure 6.21 


is self evident and is responsible for its popularity. However, special requirements are 
placed on the transistors. The following are among the circuit characteristics: 

First, the emitter junction is never reverse biased permitting excessive current to 
flow in the off transistor at temperatures above 40°C in germanium. In silicon, how- 
ever, operation to 150°C has proved feasible. 

Second, saturation is responsible for a storage time delay slowing up circuit speed. 
In the section on transient response we see the importance of drawing current out of 
the base region to increase speed. In DCTL this current results from the difference 
between Vex sar) and Var of a conducting transistor. To increase the current, Vor«sar 
should be small and r,’ should be small. However, if one collector is to drive more 
than one base, rz’ should be relatively large to permit uniform current sharing between 
bases since large base current unbalance will cause large variations in transient response 
resulting in circuit design complexity. High base recombination rates and epitaxial 
collectors to minimize collector storage result in short storage times in spite of ry’. 

Third, since Versar) and Var differ by less than .3 volt in germanium, stray voltage 
signals of this amplitude can cause faulty performance. While stray signals can be 
minimized by careful circuit layout, this leads to equipment design complexity. Silicon 
transistors with a 0.6 volt difference between Ver isar) and Var are less prone to being 
turned on by stray voltages but are still susceptible to turn-off signals. This is some- 
what compensated for in transistors with long storage time delay since they will remain 
on by virtue of the stored charge during short turn-off stray signals. This leads to 
conflicting transistor requirements — long storage time for freedom from noise, short 
storage time for circuit speed. 

Another application of saturation is in saturated flip-flops of conventional configura- 
tion. Since Versa is generally very much less than other circuit voltages, saturating 
the transistors permits the assumption that all three electrodes are nearly at the same 
potential making circuit voltages independent of transistor characteristics. This yields 
good temperature stability and good interchangeability. The stable voltage levels are 
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useful in generating precise pulse widths with monostable flip-flops. The section on 
flip-flop design indicates the ease with which saturated circuits can be designed. 

In general, the advantages of saturated switch design are: (a) simplicity of circuit 
design, (b) well defined voltage levels, (c) fewer parts required than in non-saturating 
circuits, (d) lew transistor dissipation when conducting, and (e) immunity to short 
stray voltage signals. Against this must be weighed the probable reduction in circuit 
speed since higher trigger power is required to turn off a saturated transistor than one 
unsaturated. 
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AVOID SATURATION POINTS 
COLLECTOR VOLTAGE CLAMP 


Figure 6.22 


A number of techniques are used to avoid saturation. The simplest is shown in 
Figure 6.22. The diode clamps the collector voltage so that it cannot fall below the 
base voltage to forward bias the collector junction. Response time is not improved 
appreciably over the saturated case since Ic is not clamped but rises to hreIs. Typical 
variations of Iz and hre with temperature and life, for a standard transistor, may vary 
Ic by as much as 10:1. Care should be taken to ensure that the diode prevents satura- 
tion with the highest Ic. When the transistor is turned off Ic must fall below the value 
given by (Ecc—Ep)/R: before any change in collector voltage is observed. The time 
required can be determined from the fall time equations in the section on transient 
response. The diode can also have a long recovery time from the high currents it has 
to handle. This can further increase the delay in turning off. Diodes such as the 1N3604 
or 1N3606 have recovery times compatible with high speed planar epitaxial transistors. 

A much better way of avoiding saturation is to control Is in such a way that Ic is 
just short of the saturation level. This can be achieved with the circuit of Figure 
6.23(A). The diode is connected between a tap on the base drive resistor and the 
collector. When the collector falls below the voltage at the tap, the diode conducts 
diverting base current into the collector and preventing any further increase in Ic. The 
voltage drop across Rz is approximately IcRz/hrx since the current in Rez is Is. Since 
the voltage drop across the diode is approximately the same as the input voltage to 
the transistor, Vcx is approximately IcR:/hrsz. It is seen that if the load decreases (Ic 
is reduced) or hrs becomes very high, Vcz decreases towards saturation. Where the 
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change in hrg is known and the load is relatively fixed, this circuit prevents saturation, 


To avoid the dependence of Vcr on Ic and hr, Rs may be added as in Figure 6.23(B). 
By returning R; to a bias voltage, an additional current is drawn through Re. Now 


Voz is approximately (— + I.) Re. I: can be chosen to give a suitable minimum Vek. 
FE 


Tin Oo Ecc 


COLLECTOR CURRENT CLAMP WITHOUT BIAS SUPPLY 
Figure 6.23(A) 


The power consumed by Rs can be avoided by using the circuit of Figure 6.23(C), 
provided a short lifetime transistor is used. Otherwise fall times may be excessively 
long. Rs is chosen to reverse bias the emitter at the maximum Ico. The silicon diode 
replaces Re. Since the silicon diode has a forward voltage drop of approximately .7 
volts over a considerable range of current, it acts as a constant voltage source making 
Vcr approximately .7 volts. If considerable base drive is used, it may be necessary to 
use a high conductance germanium diode to avoid momentary saturation as the voltage 
drop across the diode increases to handle the large base drive current. 
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COLLECTOR CURRENT USING BIAS SUPPLY 
Figure 6.23(B) 
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COLLECTOR CURRENT CLAMP USING SILICON 
AND GERMANIUM DIODES 


Figure 6.23(C) 


In applying the same technique to silicon transistors with low saturation resistance, 
it is possible to use a single germanium diode between the collector and base. While 
this permits Vce to fall below Vsx, the collector diode remains essentially non- 
conducting since the .7 volt forward voltage necessary for conduction cannot be 
reached with the germanium diode in the circuit. 

Diode requirements are not stringent. The silicon diode need never be back biased, 
consequently, any diode will be satisfactory. The germanium diode will have to with- 
stand the maximum circuit Vcr, conduct the maximum base drive with a low forward 
voltage, and switch rapidly under the conditions imposed by the circuit, but these 
requirements are generally easily met. 

Care should be taken to include the diode leakage currents in designing these 
circuits for high temperatures. All the circuits of Figure 6.23 permit large base drive 
currents to enhance switching speed, yet they limit both Is and Ic just before saturation 
is reached. In this way, the transistor dissipation is made low and uniform among 
transistors of differing characteristics. 

It is quite possible to design flip-flops which will be non-saturating without the 
use of clamping diodes by proper choice of components. The resulting flip-flop is 
simpler than that using diodes but it does not permit as large a load variation before 
malfunction occurs. Design procedure for an unclamped non-saturating flip-flop can be 
found in Transistor Circuit Engineering by R. F. Shea, et al (John Wiley & Sons, Inc). 


STORED CHARGE NEUTRALIZATION BY CAPACITOR 
Figure 6.24 
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Another circuit which is successful in minimizing storage time is shown in Figure 
6.24. If the input is driven from a voltage source, it is seen that if the input voltage 
and capacitor are appropriately chosen, the capacitor charge can be used to neutra 
the stored charge, in this way avoiding the storage time delay. In practical circuits, 
the RC time constant in the base necessary for this action limits the maximum puls@é 
repetition rate. 
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CHAPTER 


One of the basic problems involved in the design of transistor amplifiers is estab- 
lishing and maintaining the proper collector to emitter voltage and emitter current 
(called the biasing conditions) in the circuit. These biasing conditions must be main- 
tained despite varations in ambient temperature and variations of gain and leakage 
current between transistors of the same type. The factors which must be taken into 
account in the design of bias circuits would include: 


1. The specified maximum and minimum values of current gain (hrx) at the oper- 
ating point for the type of transistor used. 

2. The variation of hre with temperature. This will determine the maximum and 
minimum values of hrs over the desired temperature range of operation. The 
variation of hrr with temperature is shown in Figure 6.7 for the 2N525 
transistor. 

3. The variation of collector leakage current (Ico) with temperature. For most 
transistors, Ico increases at approximately 6.5-8%/°C and doubles with a tem- 
perature change of 9-11°C. In the design of bias circuits, the minimum value of 
Ico is assumed to be zero and the maximum value of Ico is obtained from the 
specifications and from a curve such as Figure 6.6. If silicon transistors are used, 
it is best to use the specified high temperature Ico for estimating the maxi- 
mum Ico. 

4, The variation of base to emitter voltage drop (Vx) with temperature. Under 
normal bias conditions, Vr is about 0.2 volts for germanium transistors and 0.7 
volts for silicon transistors and has a temperature coefficient of about —2.5 milli- 
volts per °C. Figure 7.1 shows the variation of Vse with collector current at 
several different temperatures for the 2N525. Note that for some conditions of 
high temperature it is necessary to reverse bias the base to get a low value of 
collector current. 

5. The tolerance of the resistors used in the bias networks and the tolerance of the 
supply voltages. 
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INPUT CHARACTERISTICS OF 2N525 (Vcx = 1V) 
Figure 7.1 
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Two of the simpler types of bias circuits are shown in Figures 7.2 and 7.3. These 
circuits can be used only in cases where a wide range of collector voltage can be 
tolerated (for Figure 7.2 at least as great as the specified range of hrz) and where 
hrn™* times Ico™** is less than the maximum desired bias current. Neither circuit can 
be used with transistors which do not have specifications for maximum and minimum 
hve unless the bias resistors are selected individually for each transistor. The circuit of 
Figure 7.3 provides up to twice the stability in collector current with changes in hry 
or Ico than the circuit of Figure 7.2. However, the circuit of Figure 7.3 has a-c feed- 
back through the bias network which reduces the gain and input impedance slightly, 
This feedback can be reduced by using two series resistors in place of Re and connect- 


ing a capacitor between their common point and ground. 
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TRANSISTOR BIAS CIRCUITS 
Figure 7.2 Figure 7.3 


In cases where more stability is desired than is provided by the circuits of Figure 
7.2 or 7.3, it is necessary to use a resistor in series with the emitter of the transistor as 
shown in Figure 7.4. There are several variations of this circuit, all of which may be 
obtained by the general design procedure outlined below. The currents shown in 
Figure 7.4 are those which would be measured if an ammeter were inserted in that 
circuit; thus, for example, the value of Is in the figure includes Ico. 
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BASIC TRANSISTOR BIAS CIRCUIT 
Figure 7.4 
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For the circuit of Figure 7.4, the following equations apply: 
Is = (hee + 1) (Is + Ico) (7a) 


= Rs > E » aad OIAB 
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Considering bias conditions at the temperature extremes, at the minimum tem- 
perature, Iz will have its minimum value and the worst conditions would occur for 
hre = hre™", Vax = Var™"*, Ico = 0 or 


at lowest temperature: Vs = ects + Re | Ie™'" + Vae™™* (7c) 
hre™ = fe iy 

and at the highest temperature of operation I; will have its maximum value and the 

worst conditions would occur for hrs = hrn™**, Var = Van™"", Ico = Ico™™*. 


at highest Viv E Rs Ra | 1p2t3 Varn™!" — Igo™* Rp. 
temperature: hre™* + 1 (7a) 


from these two equations the value of Rs can be calculated by equating the two 
expressions: 
R= (Ie™** — In™'*) Re + Vae™!" — Var™"* (Je) 
Ico™* — eg Ps a 
hre™* + 1 hre™'* + 1 
As an example, consider the following bias circuit design: 
1. Select the transistor type to be used (2N525) 


2. Determine the required range of temperature 
0°C to + 55°C 

3. Select the supply voltage and load resistance 
Veco = 20 volts; Ru = 7.5K 


4, Determine Ico™™*: 

From the electrical specifications the upper limit of Ico is 10 wa at 25°C and 
from Figure 6.6 Ico will increase by a factor of 10 at 55°C, thus Ico™* = 10 X 
10 = 100 pa. 

5. Determine the values of hrs™'" and hry™** 

From the electrical specifications, the range of hrx at 25°C is 34 to 65. From 
Figure 6.7 hrs can change by a factor of 0.75 at 0°C and by a factor of 1.3 at 
4-55°C. 

Thus hrg™!" = 0.75 X 34 = 25 and hee™* = 1.3 x 65 = 85. 


6. Determine the allowable range of Is: 

In general, the variation of the circuit performance with emitter current 
determines the allowable range of emitter current. In some cases the allowable 
range of emitter current is determined by the peak signal voltage required 
across Rx. 


Assume that the minimum current is .67 ma which gives a minimum voltage 
of 5 volts across Ri and the maximum emitter current is 1.47 ma which gives a 
maximum voltage of 11 volts across Ri. The allowable range of emitter current 
must be modified to take into account the tolerance of the bias resistors. That is, 
if the allowable range of emitter current is .67 ma to 1.47 ma, the circuit must 
be designed for some narrower range of emitter current to allow for resistor 
tolerances. 
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Assuming a bias network using three 5% resistors, then 
In™'™ = (1 + 3 X .05) (0.67) = 0.77 ma and 
ee = Cl = 3 208) (1.47) = £25 ma 
7. Estimate the values of Vgnr™'" and Vpr™* 
From Figure 5.1 Vse™'" at 55°C and Ir = 1.47 ma is about 0.08 volt, 
Var™** at 0°C and In = 0.67 ma is about 0.17 volt. 
8. Calculate the value of Rs from equation (7e). 
Rs = 4.17 Re — 0.78K 


9. Using the equation from (8), choose a suitable value of Rs and Re. This involves 
a compromise since low values of Rr require a low value of Rs which shunts the 
input of the stage and reduces the gain. A high value of Rx reduces the collector 
to emitter bias voltage which limits the peak signal voltage across Ru. 

Choose Rr = 2.7K for which Rn = 10.4K. This gives a minimum collector to 
emitter voltage of 20 — (2.7 + 7.5) 1.47 = 5 volts. 


10. Calculate Vs using equation (7c). 


| Vp = 2.56 volts 
\ 11. If the bias circuits of either Figures 7.5 or 7.6 are to be used, the values of the 
\ bias resistors can be calculated from the values of Rs, Re and Vs obtained in | 


the preceding design by the use of the conversion equations which are given, 
In these figures Rs represents a series resistance which would be present if trans- 
former coupling were used in which case Rs would be the d-c resistance of 
transformer secondary. In cases where capacitor coupling is used Rs will usually 
be equal to zero. A comparison of Figures 7.5 and 7.6 indicates that the circuit 
of Figure 7.6 is superior in that for a given bias stability, it allows a lower value 
of the emitter resistor or larger values of the base resistors than the circuit of 
Figure 7.5. On the other hand, the circuit of Figure 7.6 gives a-c feedback 
through the bias circuits which may be a disadvantage in some cases, as was 
mentioned earlier in connection with Figure 7.3. 


For the circuit of Figure 7.5, assume Rs = 0. Then R;s = Re = 2.7K, 
R, = 77K or, choosing the next lowest standard value, Ri = 68K. Using this — 
value, calculate Re = 10K. For the circuit of Figure 7.6 as before R’: = 68K 
and R’. = 10K. Resistor R’s is calculated as 1.73K or, using the next highest 
standard value, R’; = 1.8K. 
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VOLTAGE DIVIDER TYPE BIAS CIRCUIT 
Figure 7.5 
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VOLTAGE DIVIDER TYPE BIAS CIRCUIT WITH FEEDBACK 
Figure 7.6 


Frequently, in biasing an amplifier, it becomes necessary to use techniques by 
which higher input impedance or better stability are obtained than afforded by the 
circuits already shown. Many different schemes have been used to accomplish these 
purposes and the degree of complexity of any one method depends largely upon the 
factors listed earlier in this chapter. In any design, however, considerations similar to 
those in the example shown above must govern the circuit values chosen. Some bias 
methods used are shown in Figure 7.7 through Figure 7.9. In Figure 7.7 a three stage 
direct coupled amplifier is shown. The second and third stages of this amplifier are 
biased by the preceding stages. In the direct coupled amplifier, the stability is improved 
if all transistors in the amplifier are similar since the changes in bias in adjacent tran- 
sistors tend to compensate for one another. Further stability is gained in this configu- 
ration by the addition of the feedback loop represented by Ri, R», and C:. C. is added 
to eliminate a.c. feedback. 


c, 


ne 


COMMON EMITTER DIRECT COUPLED AMPLIFIER 
Figure 7.7 
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In Figures 7.8 and 7.9, biasing techniques are used which will improve the input 
impedance of the amplifier being designed. In Figure 7.8, the a.c. feedback through 
R, is essentially eliminated by the existence of C2. R: can therefore be quite small in 
order to obtain good temperature stability for the amplifier. In Figure 7.9 bootstrapping 
techniques are used. Here the a.c. and d.c. feedback are quite large. Temperature 
stability and input impedance can be optimized but the gain of the circuit is sacrificed 
for increased input impedance. 


DIRECT COUPLED AMPLIFIER 
Figure 7.8 


BOOTSTRAPPED AMPLIFIERS 
Figure 7.9 
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As an example of the biasing considerations for a direct coupled amplifier, the 
circuit shown in Figure 7.8. is considered. Only d.c. conditions are of interest, there- 
fore resistors Re and R; will be considered together and called Re in the analysis. Node 
equations can be written for this bias scheme 


I, = Ic + Ino (7f) 
Tn: + Io = In (7g) 
Ine + Ico = Ine (Th) 
In =In +h (7i) 


Again, these currents are those which one would measure in the lines in which they 
flow. In addition to these equations, two more equations can be written which depend 
upon the transistor’s action. 


To: = hres In + (hee: + 1) Ico (7i) 
Tce = here Ine + (hee: + 1) Icoz (7k) 
The relationships between the voltages, resistors, and currents in the circuit are 
ee a (71) 
Ie, = — (7m) 
le = = (7n) 
= eee (To) 
In = Ye (7p) 
kat (7a) 


Substituting these voltage and resistor values into the node equations, and eliminating 
Ic: and Iss by use of the transistor equations (7j) and (7k), the following results 


Vo — Vo V; — Vai Vo — Vez hrre fe ") 

eS = he - — hrr 1) Ic 2 Sf ET ) Ic02 
Rz = ( Ri ) + Oey hoe here Ra hrre a 

(7x) 
ce x 
(1 + herr) Ae a + lew) = = (7s) 
‘e R Vea — Teo) (2 + hres) = hrue a) (7t) 
4 5 

Vex—Vi_ _Vi-— Vm, Vi 

. —+ = —+___* 7 
R ae us) 

To these equations, other transistor voltage relationships can be written 

Vii + Ver = Ver (Tv) 

Vex + Vere = Veo (7w) 

Ver + Var = Vai (7x) 

Veo + Vere = Vax = Ver (Ty) 


There are now eight independent equations (7r) through (7y), relating the voltage 
and resistance values of the circuit. The circuit requirements of the particular design 
now govern the remainder of the design procedure. All of the above equations are true 
at all temperature extremes. The stability problem arises since the values of Ico and 
hrz change as a function of temperature. As these values change, the voltage and 
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current relationships within the circuit must also change so that equations (7r) through 
(Ty) are satisfied. In practical design, for example, the specifications for the amplifier 
normally demand that the output be capable of a specific voltage excursion. This peak 
to peak allowable swing at the collector of the output transistor can theoretically equal 
the supply voltage, if the bias voltage, Vos, is exactly Vo/2. Maintaining Vc exactly 
over the range of hrs and Ico is essentially impossible, and thus the output voltage 
excursion must be somewhat less than the supply voltage so that limiting does not 
occur on the output waveform as the bias level changes. At the lowest temeperature of 
interest, the emitter currents will be a minimum and the worst conditions would occur 
for hrzs = hre™", Vsx™*, and Ico = 0. At high temperature, the emitter currents will 
have a maximum value, and the worst case is encountered for hrz = hre™*, Vaz = 
Vzn™'", and Ico = Ico.™™* 


The choosing of resistor values throughout the circuit is normally accomplished by 
considering circuit requirements in conjunction with transistor operating conditions. 
Equations (7f) through (7q) may also be of value in selecting resistors. A perfectly 
general biasing scheme is difficult to describe since individual circuit requirements 
play an important role in every amplifier. Some considerations are mentioned earlier 
in this chapter and also in Chapter 14. A general method of checking the values of 
resistance chosen could be worked out by solving equations (7r) through (7y) for Ves 
by eliminating all voltages except Vo, Var, and Vsze. The resulting equation will be 
of the form 

BY Fas Ki Vo + Ke Vari + Mover + Ky Icoi + Ks Icoz (72) 
6 


If no approximations are made, these constants can be quite lengthy. For the case of 
Figure 7.18 the constants are 


kK, = Gt hem) Be [Bs ¢ + =) + Ra + hee: R: | — Ra (hen -#) (Taa) 


Ke = — hres (hrm Re — Ro) (7bb) 


Ks = here Ra (Tce) 
K, = hers (1 + hrm) (Re + Ri Re) (7dd) 
eT ey ao [a 4 hem) (Bs Bs + Rs) + (Ri Re + Re) | (Tee) 
K, = Gt bre) Pep, ( + Be) 4 Re + hom Re | + Bat Bo Re (7£f) 
where, 
Ra = Ri + (1 + hem) Rs (7gg) | 
Rs = Re Rs + R: Re + Rs Ro (Thh) 
Ro = Ri Rs + Ri Re + Rs Ro (7ii) . 


By calculating the value of Voz using the worst case values for hrz, Van, and Ico at 
the temperature extremes the variation in Vc2 with temperature can be checked. Though 
this procedure is tedious, one is able to determine the stability of any given amplifier — 
using steps similar to those outlined for the circuit of Figure 7.8. 


Because of the circuit configuration used in this example, other types of bias 
schemes can also be analyzed by setting some of the resistor values at zero. T: 
different bias schemes would call for the following resistor changes: Rs = 0; or Re = 
and R, represents resistance seen at the base by the first transistor. 
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THERMAL RUNAWAY 


When a transistor is used at high junction temperatures (high ambient temperatures 
and/or high power dissipation) it is possible for regenerative heating to occur which will 
result in thermal run-away and possible destruction of the transistor. In any circuit the 
junction temperature (Ts) is determined by the total power dissipation in the transistor 
(P), the ambient temperature (T,), and the thermal resistance (K). 

Tre la Ke (7ij) 
If the ambient temperature is increased, the junction temperature would increase an 
equal amount provided that the power dissipation was constant. However, since both 
hre and Ico increase with temperature, the collector current can increase with increas- 
ing temperature which in turn can result in increased power dissipation. Thermal run- 
away will occur when the rate of increase of junction temperature with respect to the 
power dissipation is greater than the thermal resistance (ATs/AP > K). 


Thermal run-away is generally to be avoided since it can result in failure of the 
circuit and possibly in destruction of the transistor. By suitable circuit design it is 
possible to ensure either that the transistor can not run away under any conditions or 
that the transistor can not run away below some specified ambient temperature. A dif- 
ferent circuit analysis is required depending on whether the transistor is used in a 
linear amplifier or in a switching circuit. 

In switching circuits such as those described in Chapter 6, it is common to operate 
the transistor either in saturation (low collector to emitter voltage) or in cutoff (base to 
emitter reverse biased). The dissipation of a transistor in saturation does not change 
appreciably with temperature and therefore run-away conditions are not possible, On 
the other hand, the dissipation of a transistor in cutoff depends on Ico and therefore 
can increase rapidly at higher temperatures. If the circuit is designed to ensure that the 
emitter to base junction is reverse biased at all temperatures (as for the circuit of Fig- 
ure 7.10) the following analysis can be used: 


Ico 
+ Voc =-30V 
RL = IK 
+ 1V 
2N527 
Figure 7.10 
The transistor power dissipation will be, 
1 = IcoVcr = Ico(Vec a TcoRt) = Ico Voc = Ico? Ru (7kk) 
The rate of change of power dissipation with temperature will be, 
dP = dP e dco = (Veo _ QcoRz) 5Ico (711) 
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where 5 = 0.08 is the fractional increase in Ico with temperature. The condition for 
run-away occurs when dP/dT = 1/K or, 


(Veco — 2IcomRx) dIcon = 1/K (7mm) 
where Icom is the value of Ico at the run-away point. Solving for Icom gives, 
Icon = Ye = V (Vec)® — (8Rx)/(5K) (7nn) 
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In this equation the solution using the negative sign gives the value of Icou, while the 
solution using the positive sign gives the value of Ico after run-away has occurred. It is 
seen from the equation that the value of Ico after run-away can never be greater than 
Vcc/2Rz so that the collector voltage after run-away can never be less than one half of 

the supply voltage Voc. If the term under the square root sign in the above equation is 
zero or negative, thermal run-away cannot occur under any conditions. Also, if thermal 
run-away does occur it must occur when the collector voltage is greater than 0.75Vce. 
since when the term under the square root sign is zero, Icon Rr equals .25 Voc. As Ru 
goes to 0, the solution for Icom using the negative sign is indeterminant, i.e., equal to Y 
0/0. In this case Equation (7mm) is used and 


Icon = —> (Too) 


Since no Rx exists, the current after thermal runaway is theoretically infinite, and the 
transistor will be destroyed unless some other current limiting is provided. Once the 
value of Icom is determined from Equation (7nn) or (Zoo) the corresponding junction 
temperature can be determined from a graph such as Figure 6.6. The heating due to 
Icom is found by substituting Icom for Ico in Equation (7kk). Finally, the ambient tem- 
perature at which run-away occurs can be calculated from Equation (7jj). 

In circuits which have appreciable resistance in the base circuit such as the circuit 
of Figure 7.11 the base to emitter junction will be reverse biased only over a limited 
temperature range. When the temperature is increased to the point where the base to 
emitter junction ceases to be reverse biased emitter current will flow and the dissipation 
will increase rapidly. The solution for this case is given by: 


Ic 
a § 
3 ot Vec=—30V 
Ra Sik RL=IK 
® 
2N527 
f 
Figure 7.11 ; 
a (Veo — 2Rrhrelx) = V (Veo — 2Rrhrelx)* — (8Rx)/(5K)_ (7pp) ; 
4Rihre I 
where Ix = Vs/Rs. When Rx approaches 0. 
Sie eileen ee 
—= hen 6 K Vee (aq) 


In the analysis of run-away in linear amplifiers it is convenient to classify linear ; 
amplifiers into preamplifiers and power amplifiers. Preamplifiers are operated at low 
signal levels and consequently the bias voltage and current are very low particularly in 
stages where good noise performance is important. In capacitor coupled stages a large 
collector resistance is used to increase gain and a large emitter resistance is used to 
improve bias stability. Accordingly, thermal run-away conditions are seldom met in 
preamplifier circuits. 
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In contrast, power amplifiers invariably require transistors to operate at power 
levels which are near the run-away condition. The conditions are aggravated by the 
use of biasing networks of marginal stability which are required for power efficiency 
and by the use of transformer coupling to the load which reduces the effective collector 
series resistance. Since thermal run-away in power stages is likely to result in destruc- 
tion of the transistors, it is wise to use worst case design principles to ensure that 
thermal run-away cannot occur. The worst case conditions are with hr. > 00, Vea = 0, 
Ri = 0, and Ico = Ico™**. If these conditions are applied to a transistor in the general 
bias circuit shown in Figure 7.12 the total transistor dissipation is given by: 


Vcc=—30V 
Rp 
VRz2V 2N527 
3.3K 
RE Sik 
Figure 7.12 
P = Veele = (Vee — Vs — IcoRs) (ico + a4 tos) (7rr) 
E 
Equating dP/dT with 1/K and solving for Icom as before, 
Icou = (Vee — RVs) + V (Veo — RiVs)* — (Re)/(8K) (7ss) 
4Re 
where 
— Re + 2Re R, — —SReRs _ 
ict naw Re + Re 


As before, the solution of Equation (7ss) using the negative sign gives the value of 
Icom, while the solution using the positive sign gives the final value of Ic after run-away 
has occurred, If the quantity under the square root sign is zero or negative, run-away 
cannot occur under any conditions. 


In class-B power amplifiers the maximum transistor power dissipation occurs when 
the power output is at 40% of its maximum value at which point the power dissipation 
in each transistor is 20% of the maximum power output. In class-A power amplifiers 
on the other hand, the maximum transistor dissipation occurs when there is no applied 
signal. The maximum power dissipation is obtained by substituting Icom in Equation 
(7rr) and the maximum junction temperature is obtained from Equation (7jj). 

In the design of power amplifiers the usual procedure is to design the circuit to 
meet the requirements for gain, power output, distortion, and bias stability as described 
in the other sections of this manual. The circuit is then analyzed to determine the 
conditions under which run-away can occur to determine if these conditions meet the 
operating requirements. As a practical example, consider the analysis of the class-A 
output stage of the receiver shown in Figure 10.12. The transistor is the 2N241A for 
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which K = 250°C/watt and Ico™* = 16ua at 25°C and 25 volts. Calculating the circuit 
values corresponding to Figure 7.12 and Equation (7ss): 


Vec = 9 v, Re = 1002 


Vy, = _(to0oy@y 5s Re = 1000) (4700) _ go5 9 


~ 1000 + 4700 ~ 1000 + 4700 
y 100 + 2(825) _8(100) (825) _ 
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1 100 895 89 R 100 + 855 713 SINSEE STAGE AUDIO AMPL rf i . Pe 
Calculating Icou from Equation (7ss) Figure 8.1 shows a typical single stage audio amplifier using a 
6+ V047 transistor. 
Icom = rams ce ees = 1.61 ma or 2.02 ma 
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Since the quantity under the square root is positive, thermal run-away can occur. The 
two solutions give the value of Icox (1.61 ma) and the value of Ico after run-away has 
occurred (2.02 ma). The fact that these two currents are very nearly equal indicates 
that the change in power dissipation when run-away occurs will not be very large. 
Using the value Icom/Ico™’* = 100 the junction temperature at run-away from Figure 
6.6(A) is about 92°C. The dissipation at run-away, calculated from Equation (7rr), is 
about 187 milliwatts. The rise in junction temperature due to this power dissipation 
is (0.25) (187) = 46.7°C. The ambient temperature at run-away is then calculated to be 
92 — 46.7 = 45.3°C. The above value of maximum transistor power dissipation is — 
calculated under the assumption that the series collector resistance is zero. In the 
circuit under consideration the transformer primary will have a small d-c resistance (Ra) 
which will reduce the transistor power dissipation by approximately (Ic)"Rr where Ic is 
given by the second term in Equation (7rr). Assuming that the d-c resistance of the 
transformer is 20 ohms the reduction in power dissipation for the case just considered 
will be 18.8 milliwatts and the ambient temperature at run-away will be increased 
to 50.0°C. 
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SINGLE STAGE AUDIO AMPLIFIER 
Figure 8.1 


With the resistance values shown, the bias conditions on the transistor are 1 ma 
of collector current and six volts from collector to emitter. At frequencies at 
which C, provides good by-passing, the input resistance is given by the formula: 
Rin = (1 + hee) hi. At 1 ma for a design center 2N1414, the input resistance would 
be 45 < 29 or about 1300 ohms. 


The a-c voltage gain = is approximately equal toe. For the circuit shown, this 
in i 


would be £ oe or approximately 172. 
The frequency at which the voltage gain is down 3 db from the 1 Ke value 
depends on r,. This frequency is given approximately by the formula 


mes oo here 
6.28 (tC) 
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TWO STAGE R-C COUPLED AMPLIFIER 


The circuit of a two stage R-C coupled amplifier is shown by Figure 8.2. The 
input impedance is the same as the single stage amplifier and would be ap- 
proximately 1300 ohms. 
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Figure 8.2 


The load resistance for the first stage is now the input impedance of the second 
stage. The voltage gain is given approximately by the formula 


Av = hte fe 
ib 


More exact formulas for the performance of audio amplifiers may be found in 
Chapter 4 on small signal characteristics. 


CLASS B PUSH-PULL OUTPUT STAGES 


In the majority of applications, the output power is specified so a design will 
usually begin at this point. The circuit of a typical push-pull Class B output stage is 
shown in Figure 8.3. 


Figure 8.3 


The voltage divider consisting of Rl and R2 gives a slight forward bias of about 
.14 volts on the transistors to prevent cross-over distortion. The 10 ohm resistors in the 
emitter leads stabilize the transistors so they will not go into thermal runaway when 
the ambient temperature is less than 55°C. Typical collector characteristics with a load 
line are shown below 


I MAX 


LOAD LINE 
COLLECTOR CURRENT 


NO SIGNAL OPERATING 
POINT 


Ecc 
COLLECTOR VOLTAGE 


Figure 8.4 
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It can be shown that the maximum a-c output power without clipping using a push- 
pull stage is given by the formula 


los Vox ; 
Pout = jar where Vce = collector to emitter voltage at no signal. 
Since the load resistance is equal to Ry = ven 


and the collector to collector impedance is four times the load resistance per collector, 
the output power is given by the formula 


Py 3 Ese (8a) 


Thus, for a specified output power and collector voltage the collector to collector load 
resistance can be determined. For output powers in the order of 50 mw to 850 mw, 
the load impedance is so low that it is essentially a short circuit compared to the out- 
put impedance of the transistors. Thus, unlike small signal amplifiers, no attempt is 
made to match the output impedance of transistors in power output stages. 

The power gain is given by the formula: 


2 
Power Gain = Pour _ Io’ Ru 


Dinh Pali, Rie 


Since I, is equal to the current gain, Beta, for small load resistance, the power gain 


Tin 
formula can be written as 
P.G. =p? Ree (8b) 
Ro-» 


where R.-- = collector to collector load resistance. 
Ry-» = base to base input resistance. 
8 = grounded emitter current gain. 


Since the load resistance is determined by the required maximum undistorted output 
power, the power gain can be written in terms of the maximum output power by com- 
bining equations (8a) and (8b) to give 


28° Vex? 
P.G. = = 8 
= os ~ 


CLASS A OUTPUT STAGES 


A Class A output stage is biased as shown on the collector characteristics below 
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Figure 8.5 


The operating point is chosen so that the output signal can swing equally in the posi- 
tive and negative direction. The maximum output power without clipping is equal to 


Pas = Vou I 
2 
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The load resistance is then given by the formula 
Ri = Ye 
Combining these two equations, the load resistance can be expressed in terms of the 
collector voltage and power output by the formula below 
Ver 
R, = —— 8d 
ange & # be 
For output powers of 20 mw and above, the load resistance is very small compared to 
the transistor output impedance and the current gain of the transistor is essentially the 
short circuit current gain Beta. Thus for a Class A output stage the power gain is given 
by the formula 
2 R 2 V . 2 
P.G, = 2 Be — B Ver 
Rin 2RiaPy (Se) 


CLASS A DRIVER STAGES 


For a required output power of 400 mw, the typical gain for a 12 volt push-pull 
output stage would be in the order of 27 db. Thus the input power to the output stage 
would be about 1 to 2 mw. The load resistance of a Class A driver stage is then deter- 
mined by the power that must be furnished to the output stage and this load resistance 
is given by equation (8d). For output powers in the order of a few milliwatts, the load 
resistance is not negligible in comparison to the output impedance of the transistors, 
therefore, more exact equations must be used to determine the power gain of a Class A 
driver stage. From four-terminal network theory, after making appropriate approxima- 
tions, it can be shown that the voltage gain is given by the formula 

ee 2 (8f) 


where hi, = grounded base input impedance. 
Z. = external circuit impedance in series with emitter. 
The current gain is given by the formula 


Ar 


Pe ae kL 
Thee Rohs (88) 


where ho. = grounded base output conductance. 


The power gain is the product of the current gain and the voltage gain, thus unlike 
the formula for high power output stages, there is no simple relationship between 
required output power and power gain for a Class A driver amplifier. 


DESIGN CHARTS 


Figures 8.6 through 8.15 are design charts for determination of transformer imped- 
ances and typical power gains for Class A driver stages, Class A output stages, and 
Class B push-pull stages. The transformer-power output charts take into account a 
transformer efficiency of 75% and therefore may be read directly in terms of power 
delivered to the loudspeaker. Power gain charts show the ratio of output power in the 
collector circuit to input power in the base circuit and therefore do not include trans- 
former losses. Since the output transformer loss is included in the one chart and the 
design procedure used below includes the driver transformer loss, it can be seen that 
the major losses are accounted for. 


The charts can best be understood by working through a typical example. Assume 
a 300 mw output is desired from a 12v amplifier consisting of a driver and push-pull 
output pair. Also the signal source has an available power output of 30 mpw 
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(30 x 10~° watts). Overall power gain required then is 


Post 300 mw S00) KAO 10 * 
Ae = = = x 10 
ie. Pin 30 muw 30% JO" 


or 70 db. 


To obtain 300 mw in the loudspeaker, the output pair must develop 300 mw plus 
the transformer loss. 


Peas — 300 mw — 400 
transformer eff. ~ = .75 ss al 


Prottector to collector = 


From Figure 8.11, a pair of 2N1415’s in Class B push-pull has a power gain of 
approximately 28 db at 400 mw. This is a numerical gain of 650 so the input power 
required by the output stage is 


Pin — rout — 400mw _ 69 mw 


Gain ~~: 650 
If the driver transformer is 75% efficient, the driver must produce 


Bic P into output stage _ .62mw _ CH nee: 


75% 15 


The remaining power gain to be obtained from the driver is 70 db — 28 db = 42 db. 
From Figure 8.15 the 2N322 has a power gain of 42.5 db at a power output of .82 mw. 


The output transformer primary impedance is obtained from Figure 8.6 on the 
12 volt supply line at 400 mw output, and is 600 ohms maximum collector to collector 
load resistance. Therefore a more standard 500 ohm CT output transformer may be 
used with secondary impedance to match the load. From Figure 8.12 the driver trans- 
former primary impedance is 40,000 ohms, but as low as a 20,000 ohm transformer can 
be used and still have 42 db gain. The secondary must be center-tapped with a total 
impedance of 800 to 5000 ohms. When this procedure is used for commercial designs, 
it must be remembered that it represents full battery voltage, typical power gain and 
input impedance, and therefore does not account for end-limit points. Figure 8.17 is a 
circuit that uses the above design calculations, 
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Figure 8.6 
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Figure 8.8 
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Figure 8.9 
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Figure 8.11 
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Figure 8.13 
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HIGH FIDELITY CIRCUITS 


CHAPTER 


Transistors are ideally suited for high fidelity amplifiers since there is no problem 
with microphonics or hum pick-up from filaments as there is with tubes. Transistors 
are inherently low impedance devices and thus offer better matching to magnetic 
pick-ups and loudspeakers for more efficient power transfer. 


Transistor circuits with negative feedback can give the wide frequency response and 
low distortion required for high fidelity equipment. In general, the distortion reduction is 
about equal to the gain reduction for the circuit to which negative feedback is applied. 
The input and output impedances of amplifiers with feedback are either increased or 
decreased, depending on the form of feedback used. Voltage feedback, over one or 
several transistor stages, from the collector decreases the output impedance of that 
stage; whereas current feedback from the emitter increases the output impedance of 
that stage. If either of these networks are fed back to a transistor base the input im- 
pedance is decreased, but if the feedback is to the emitter then the impedance is in- 
creased. The feedback can be applied to the emitter for effective operation with a low 
generator impedance, whereas the feedback to the base is effective with a high imped- 
ance (constant current) source. If the source impedance was low in the latter case then 
most of the feedback current would flow into the source and not into the feedback 
amplifier. The feedback connections must be chosen to give a feedback signal that is 
out-of-phase with the input signal if applied to the base, or in-phase if it is applied to 
the emitter of a common emitter stage. 


Care must be used in applying feedback around more than two transistor stages to 
prevent high frequency instability. This instability results when the phase shift through 
the transistor amplifiers is sufficient to change the feedback from negative to positive. 
The frequency response of the feedback loop is sometimes limited to stabilize the cir- 
cuit. At the present time, the amount of feedback that can be applied to some audio 
power transistors is limited because of the poor frequency response in the common 
emitter and common collector connections. The common collector connection offers the 
advantage of local voltage feedback that is inherent with this connection. Local feed- 
back (one stage only) can be used on high phase shift amplifiers to increase the fre- 
quency response and decrease distortion. 


PREAMPLIFIERS 


Preamplifiers have two major functions: (1) increasing the signal level from a 
pick-up device to about 1 volt rms, and (2) providing compensation if required to 
equalize the input signal for a constant output with frequency. 


The circuit of Figure 9.1 meets these requirements when the pick-up device is a 
magnetic phono cartridge (monaural or stereo), or a tape head. The total harmonic 
or I.M. (inter-modulation) distortion of the preamp is less than 42% at reference level 
output (1 volt). 


This preamp will accommodate most magnetic pick-up impedances. The input im- 
pedance to the preamp increases with frequency because of the frequency selective 
negative feedback to the emitter of TR1. The impedance of the magnetic pick-ups will 
also increase with frequency but are below that of the preamp. 
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The first two stages of this circuit have a feedback bias arrangement with R3 
feeding bias current to the base of TRI that is directly proportional to the emitter 
current of TR2. The output stage is well stabilized with a 5K emitter resistance, TR4 
is used to stabilize the circuit bias conditions from 25° to 55°C (130°F) ambient and 
also with variations in hre for TR1 and TR2. Thus TR4 is not used as a signal ampli- 
fier, but as a collector load resistor for TR1. Its resistance will decrease with either 
increasing ambient temperature or increasing collector current from TRI. The increas- 
ing collector current of TR1 may be a result of either higher ambient temperature or 

! higher hrx transistors. The collector to emitter resistance of TR4 will also decrease due 
to the leakage current (Ico) of TR4 itself with increasing ambient temperature. The 
stabilizing circuit (R2, R5, and R6) for TR4 was selected so that TR4 (as the collector 
load for TR1) would have the desired temperature characteristic to stabilize the col- 
lector voltage of TR1, with increasing ambient temperature up to 130°F. The collector 
voltage of TR1 is the base bias voltage for TR2, and TR2 biases TR1 as indicated above. 


TR4, in addition to its role as a temperature sensitive resistance, acts as a current 
sensitive resistance and thus automatically adjusts its resistance for hre variations of 
TRI and TR2 to maintain the collector voltage at TR1 between .75 and 1.6 volts. 


The AC negative feedback from the collector of TR2 to the emitter of TRI is 
frequency selective to compensate for the standard NAB recording characteristic for 
tape or the standard RIAA for phonograph records. The flat response from a standard 
NAB recorded tape occurs with the Treble Control (R4) near mid-position or 12K 
ohms (see Figure 9.2), There is about 5 db of treble boost with the Control at 25K and 
approximately 12 db of treble cut with R4 = 0. Mid-position of the Treble Control 
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resistance has a .01 uf capacitor in parallel for decreasing the amplifier gain at the 
higher frequencies in accordance with RIAA requirements. This eliminates the need to 
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The manufacturer of a piezoelectric pickup often has a recommended network 
for converting his pick-up to a velocity device, so that it may be fed into an input 
jack intended for a magnetic pickup. 

The voltage feedback from the collector of TR2 decreases at lower frequencies 
because of the increasing reactance of the feedback capacitor in series with the Treble 
Control. In switch position #1 the capacitor C3 is large enough to make the voltage 
feedback, and thus the gain, constant across the audio spectrum. This flat preamp 
response can be used with a tuner, F.M. decoder or microphone. The input impedance 
to the preamp in #1 switch position is about 25K ohms, and 15 millivolts input level 
gives 1 volt output. When used with an F.M. tuner or decoder the standard 75 micro- 
second de-emphasis can be accomplished in this preamp by shunting the 7500 ohm 
feedback resistor with .01 micro-farads. 

In switch position #3 with the Treble equalization at 30K, the equalized response 
is flat from 50 cycles to 7% Ke with an NAB recording at 334”/second. The S/N 
(signal-to-noise ratio) is 50 db. 

The reference level for S/N measurements in tape recording is the maximum level 
at which a 400 cycle signal can be recorded at 2% harmonic distortion. In vacuum 
tube circuitry there is a problem in maintaining high S/N at audio frequencies because 
of the lower signal transfer from a magnetic pickup (tape, phono, or microphone) to 
the tube grid. The lower input impedance of the transistor more nearly matches the 
source for a better signal transfer and thus improved S/N. 

A good S/N can be realized with a tape head inductance between .2 and 1 henry. 
The .4 henry tape head gave a very flat response with this preamp (see Figure 9.2) 
and a S/N of approximately 55 db. One has to be careful of the physical position of 
the tape head or the noise output will increase considerably due to pick-up of stray 
fields. For good S/N it is important that the tape head have good shielding and hum 
bucking. The S/N is improved by the 100 ohm resistor in the emitter of TR2 which 
reflects a higher input impedance for this stage and thus TRI has increased gain. 

The preamp in the #2 (Tape at 7%”/sec.) position requires about 1.5 mv input 
signal at 1 Ke for 1 volt output. Therefore a tape head with a 1 Ke reference level 
output of 1.5 to 3 mv is desirable. 

The emitter-follower output stage of the preamp gives a low impedance output for 
a cable run to a power amplifier (transistor or tube) and acts as a buffer so that any 
preamp loading will not affect the equalization characteristic. 

The Treble Control should have a linear taper and the Level Control an audio 
taper. Two 9 volt batteries will give good life in this application since the total supply 
drain is approximately 4 ma DC. This 18 volts may also be obtained by suitable decou- 
pling from a higher voltage supply with an 18 volt zener. 

This is a high gain circuit and thus care should be used in layout to prevent 
regenerative feedback to the input. Also, a switching circuit at the input will increase 
the possibilities for hum pick-up and thus decrease the S/N. 


BASS BOOST CIRCUIT 


The bass boost circuit of Figure 9.3 operates on the output of the preamp (Figure 
9.1). With this addition, the operator has the necessary treble and bass control to com- 
pensate for listening levels, or deficiencies in program material, pick-up, speakers, etc. 
This bass boost circuit gives the operator independent control of the level, or amount 
of bass boost desired, or the level control can be used as a loudness control. 


It is usually desirable to have some method of boosting the level of the lower 
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BASS BOOST CIRCUIT 
Figure 9.3 


portion of the audio spectrum as the overall sound level is decreased. This is to com- 
pensate for the non-linear response of the human ear as shown in the Fletcher-Munson 
curves that are often referred to in the audio industry. The ear requires a higher level 
for the low frequency sound to be audible as the frequency is decreased and also as 
the overall spectrum level is decreased. 


Figure 9.4 shows the frequency characteristics of this bass boost circuit. With the 
level control set for zero attenuation at the output there is no bass boost available, but 
as the output level is attenuated, the available bass boost increases. 
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Figure 9.4 


Figure 9.4 shows the frequency response (lower dashed curve) when the output is 
attenuated 40 db and the Bass Boost Control is set for minimum (50K ohms). The solid 
curve immediately above represents the frequency response when the Bass Boost Con- 
trol is set at maximum (zero ohms). Thus a frequency of 30 cycles can have anything 
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from zero to 27 db of boost with respect to 1 KC, depending on the adjustment of the 
Bass Boost Control. 


The Fletcher-Munson contours of equal loudness level show most of the contour 
changes involve a boost of the bass frequencies at the lower levels of intensity. There- 
fore, this circuit combination fulfills the requirements of level control, bass boost and 
loudness control. The Bass Boost Control may be a standard 50K potentiometer with a 
linear taper. The desired inductance may be obtained by using the green and yellow 
leads on the secondary of Argonne transistor transformer #AR-128 (Lafayette Radio 
Catalog). 


POWER AMPLIFIERS 


It is difficult to attain faithful reproduction of a square wave signal with a trans- 
former amplifier. A high quality transformer is required and it must be physically 
large to have a good response at the low frequencies. Thus, a great deal of effort has 
gone into developing transformerless push-pull amplifiers using vacuum tubes. Prac- 
tical circuits, however, use many power tubes in parallel to provide the high currents 
necessary for direct-coupling to a low impedance load such as loudspeakers. 

The advent of power transistors has sparked new interest in the development of 
transformerless circuits since the transistors are basically low voltage, high current 
devices. The emitter follower stage, in particular, offers the most interesting possibili- 
ties since it has low inherent distortion and low output impedance. 


Figure 9.5 is a direct-coupled power amplifier with excellent low frequency re- 
sponse, and also has the advantage of D.C. feedback for temperature stabilization of 
all stages. This feedback system stabilizes the voltage division across the power output 
transistors TR4 and TR5 which operate in a single-ended Class B push-pull arrange- 
ment. TR2 and TR3 also operate Class B in the Darlington connection to increase the 
current gain. Using an NPN for TR3 gives the required phase inversion for driving 
TR5 and also has the advantage of push-pull emitter follower operation from the out- 
put of TR1 to the load. Emitter follower operation has lower inherent distortion and 
low output impedance because of the 100% voltage feedback. 
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TR4 and TR5 have a small forward bias of 10 to 20 ma to minimize cross-over 
distortion and it also operates the output transistors in a more favorable beta range. 
This bias is set by the voltage drop across the 390 ohm resistors that shunt the input to 
TR4 and TR5. TR2 and TR are biased at about 1 ma (to minimize crossover distor- 
tion) with the voltage drop across the 1N536 silicon diode. Junction diodes have a 
temperature characteristic similar to the emitter-base junction of a transistor. Therefore, 
this diode also gives compensation for the temperature variation of the emitter-base 
resistance of TR2, TR4 and TR3. These resistances decrease with increasing tempera- 
ture, thus the decrease in forward voltage drop of approximately 2 millivolts/degree 
centigrade of the diode provides some temperature compensation. 


TRI is a Class A driver with an emitter current of about 3 ma. Negative feedback 
to the base of TR1 lowers the input impedance of this stage and thus requires a source 
impedance that is higher so the feedback current will flow into the amplifier rather 
than into the source generator. The resistor R1 limits the minimum value of source 
impedance. The bias adjust R2 is set for one-half the supply voltage across TR5. 


About 11 db of positive feedback is applied by way of C3 across R5. This boot- 
strapping action helps to compensate for the unsymmetrical output circuit and permits 
the positive peak signal swing to approach the amplitude of the negative peak, This 
positive feedback is offset by about the same magnitude of negative feedback via R2 
and R3 to the base of TRI. The net amount of negative feedback is approximately 
14 db resulting from R12 connecting the output to the input. In addition, there is the 
local feedback inherent in the emitter follower stages. The value for the C2 feedback 
capacitor was chosen for optimum square wave response (i.e, maximum rise time 
and minimum overshoot). 


A % ampere fuse is used in the emitter of each output transistor for protective 
fusing of TR4 and TRS, and also to provide local feedback since the % ampere type 
AGC or 3AG fuse has about 1 ohm D.C. resistance. This local feedback increases the 
bias stability of the circuit and also improves the declining frequency response of TR4 
and TR5 at the upper end of the audio spectrum. Because of the lower transistor effi- 
ciency above 10 Ke, care should be used when checking the amplifier for maximum 
continuous sinewave output at these frequencies. If continuous power is applied for 
more than a short duration, sufficient heating may result to raise the transistor current 
enough to blow the % A fuses. There is not sufficient sustained high frequency power 
in regular program material to raise the current to this level. Thus the actual perform- 
ance of the amplifier does not suffer since the power level in music and speech declines 
as the frequency increases beyond about 1 to 2 Ke. 


The speaker system is shunted by 22 ohms in series with .2 ufd to prevent the 
continued rise of the amplifier load impedance and its accompanying phase shift 
beyond the audio spectrum. 


The overall result, from using direct-coupling, no transformers, and ample degen- 
eration, is an amplifier with output impedance of about 1 ohm for good speaker damp- 
ing, low distortion, and good bandwidth. The power response at 1 watt is flat from 
30 cycles to 15 KC and is down 3 db at 50 KC. At this level the total harmonic and 
LM. distortion are both less than 1%. At 7 watts the I.M. distortion is less than 24% % 
and the total harmonic distortion is less than 1% measured at 50 cycles, 1 KC, and 
10 KC. The performance of the amplifier of Figure 9.5 is about equal for both 8 and 
16 ohm loads. 
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This amplifier is capable of about 8 watts of continuous output power with 1 volt 
r.m.s. input, or 10 watts of music power into 8 or 16 ohms when used with the power 
supply of Figure 9.6. This power supply has diode decoupling which provides excellent 
separation (80 db) between the two stereo amplifier channels. 
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POWER SUPPLY FOR STEREO SYSTEM 
Figure 9.6 


The power transistors TR4 and TR5 should each be mounted on an adequate heat 
radiator such as used for transistor output in an automobile radio, or mounted on a 
3” x 3” x 342” aluminum plate that is insulated from the chassis. 


STEREOPHONIC SYSTEM 


A complete semiconductor, stereophonic playback system may be assembled by 
using the following circuits in conjunction with a stereophonic tape deck or phono 
player. 
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SILICON POWER AMPLIFIERS 


Some of the transistor power amplifiers to date have been lacking in their high 
frequency performance and their temperature stability. The diffused junctions of the 
2N2107 and 2N2196 permit good circuit performance at high frequency. Silicon tran- 
sistors are desirable for power output stages because of their ability to perform at much 
higher junction temperatures than germanium. This means smaller heat radiating fins 
can be used for the same power dissipation. On the negative side, silicon has higher 
saturation resistance which gives decreased operating efficiency that becomes appre- 
ciable when operating from low voltage supplies. 

The power handling capability of a transistor is limited by both its electrical and 
thermal ratings. The electrical rating limit is a function of the transistor’s voltage 
capability, and its maximum current at which the current gain is still usable. The 
thermal rating is limited by the transistor’s maximum junction temperature. Therefore, 
it is desirable to provide the lowest thermal impedance path that is practical from 
junction to air. The thermal impedance from junction to case is fixed by the design 
of the transistor; thus it is advantageous to achieve a low thermal impedance from 
case to the ambient air. 

The 2N2107 and 2N2196 are NPN diffused silicon transistors. They will be 
limited in their maximum power handling ability by the thermal considerations for 
many applications unless an efficient thermal path is provided from case to air. 

These transistors are constructed with the silicon pellet mounted directly on the 
metal header, and therefore it is more efficient to have an external heat radiator in direct 
contact with this header than to make contact with the cap of the transistor package. 
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Figure 9.8 
Figure 9.8 shows a practical method for achieving a maximum area of direct con- 


tact between the metal header and an aluminum fin for efficient heat transfer to the 
surrounding air. A plain washer with two holes drilled for the mounting hardware is 
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simple but quite adequate for securing the transistor header to the fin. Since air is a 
relatively poor thermal conductor, the thermal transfer can be improved by applying 
a thin layer of G-E Silicone Dielectric Grease #SS-4005 or equivalent between the 
transistor and the radiating fin before assembly. The fin may be anodized or flat paint 
may be used to cover all the surface except for the area of direct contact with the 
transistor header. An anodized finish would provide the insulation needed between 
the base and emitter leads and the sides of the feed-through holes in the aluminum 
fin. Figure 9.9 shows a thermal rating for the 2N2107 as assembled on the radiating fin. 
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The circuit of Figure 9.10 is very much like that described for Figure 9.5. The 
opposite polarity is used for transistors, capacitors, and supply voltage. The 1N91 
connected to the emitter of TR4 gives additional stabilization for this stage for varia- 
tions in transistor beta and temperature. The forward voltage drop of this germanium 
diode must be offset by D4 to minimize cross-over distortion. The 1N91 diode at the 
base of TR5 has a leakage current which increases with temperature in a manner 
similar to the Ico of TR3. D3 can thus shunt this temperature sensitive current to 
ground, whereas, if it were to flow into the base of TR5, it would be amplified in the 
output stages. 


This circuit has about 20 db of overall negative feedback with R12 connecting 
the output to the input. The higher hrs of the two output units should be used for TR4. 

The silicon power amplifier of Figure 9.10 has an output impedance of .52 for 
good speaker damping. The square wave response shown in Figure 9.11 is indicative 
of an amplifier with a good transient response and also a good bandwidth. The band- 
width is confirmed by the response curve of Figure 9.12. The power response at 
5 watts output is flat within 4% db from 30 cycles to 15 Ke. The amplifier exhibits good 
recovery from overload, and the square wave peak power output without distorting the 
waveform is 12 watts. 
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Figure 9.12 


The 2N2107 output transistors, TR4 and TR5, were mounted on heat dissipating 
fins as shown in Figure 9.8 and the amplifier operated successfully delivering 1 watt 
rms 400 ~ continuous power to the load with no increase in total harmonic distortion 
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from room ambient of 75°F to 175°F (approx. 80°C). At 175°F the DC voltage across 
TR5 had decreased less than 15% from its room ambient value. Operation at higher 
temperatures was not attempted because of TR3 being a germanium transistor which 
has a maximum operating junction temperature of 85°C. 


When operated with the 2N2107 heat radiator assembly, this amplifier can safely 
deliver up to 10 watts rms of continuous power to the load at room temperature. When 
driving a loudspeaker with program material at a level where peak power may reach 
10 watts the rms power would generally be less than 1 watt. This amplifier, when 
operated with 2N2196’s in the outputs, can be mounted on a smaller 2” x 2” fin because 
of its increased power capabilities. The 2N2196 has a case that simplifies the mounting 
on a heat radiator, and it has electrical characteristics that equal or excel the 2N2107 
for this application. 

The IM; and total harmonic distortion of this amplifier is less than 42% at power 
levels under 3% watts. The total harmonic distortion measured at 50 cycles, 400 cycles, 
and 10 Kc is still under 1% at 6 watts output and the I.M. distortion under 24% %. An 
rms input signal of 1% volts is required for 8 watts continuous output with a supply 
furnishing 350 ma at 48 volts. This amplifier has a 10-watt music power rating when 
used with the power supply of Figure 9.13. The amplifier operates with an efficiency 
of 47 to 60% and has a signal-to-noise ratio of better than 98 db. 
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The above performance tests were with a 162 resistive load. The performance 
near maximum power output will vary slightly with transistors of different beta values. 

Varying values of saturation resistance for the output transistors TR4 and TR5 also 
affect the maximum power output. 
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Figure 9.14 shows the load range for maximum performance. It indicates that for a 
varying load impedance such as a loudspeaker, the most desirable range is 16 to 40%, 
A 169 speaker system is in this range. A 20 to 6002 auto-transformer should be used 
for driving a 600° line. 


12-WATT AMPLIFIER 


The amplifier of Figure 9.10 is limited in its maximum power output by the supply 
voltage and the saturation resistance of the output transistors, TR4 and TR5. The 
supply voltage can not be increased much beyond 50 volts at maximum amplifier signal 
swing without making the Vow rating for TR1 marginal. Under these conditions the 
saturation resistance becomes the limiting factor for obtaining increased power output. 

The circuit of Figure 9.15 uses two transistors in parallel for each of the outputs. 
This enables the saturation resistance to be reduced in half and gives 12 watts output. 
The .47 ohm resistor used in the emitter of the paralleled transistors gives a more 
uniform input characteristic for sharing of the input currents. These emitter resistors 
also give increased bias stabilization. The rest of the circuit is the same as Figure 9.10 
except the 1N91 (D4) is not used in the collector of TR1 since there is no diode voltage 
to offset in series with output emitter. 
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The performance of the 12-watt circuit is like that given previously for the circuit 
of Figure 9.10 except for the distortion vs.: power output. Figure 9.1 indicates the 
increased power output and also the lower distortion which is a second advantage of 
parallel operation of the outputs. Lower distortion results from parallel operation since 
the signal current swing in each transistor is approximately halfed and thus confined 
to the more linear portion of the transfer characteristic. 
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DISTORTION VS. POWER OUTPUT 
Figure 9.16 


The amplifier of Figure 9.15 operates at maximum power output with an efficiency 
of 67%. This circuit can be packaged with a minimum volume and weight without 
component crowding, see Figure 9.17. One of the paralleled output transistors uses 
the technique described in Figure 9.8 and the other makes for simplified mounting 
using the 2N2196 that was discussed previously. All four of the output transistors 
could be 2N2107’s or all 2N2196’s. Each mounting fin is %2” x 144” x 44%” aluminum. 
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If the amplifier is powered by the supply of Figure 9.13, it will provide 10 watts 
of continuous output or 12 watts at Music Power Rating. 

Either one of the amplifiers described will give superb performance in a stereo 
system when used to drive a 162 speaker that has at least moderate sensitivity, 


NPN PREAMPLIFIER 


The preamplifier of Figure 9.18 is similar to that of Figure 9.1 except NPN tran- 
sistors are used and the first stage does not have a compensating collector load. This 
first stage does not require a temperature sensitive resistance for the collector load since 
a planar — passivated transistor is used which inherently has very low leakage current 
(Icso). This preamplifier will operate at even higher ambient temperature than that of 
Figure 9.1 and has equivalent overall performance including 55 db S/N. 1.2 millivolts 
of input signal gives 1 volt output at 1 Ke. The input impedance is approximately 
39K at 1 Ke. The equalized output from an NAB recorded tape at 74%”/sec. is within 
+1 db from 50 cycles to 15 Ke using a .4 henry tape head. The higher input imped- 
ance of this preamp gives the best equalized output for a tape head in the .4 to 1 henry 
range. The value of R3 is selected or adjusted to give approximately 134 volts D.C. at 
the base of TR2 to accommodate the production spread of hrx for transistors used in 
the first two stages. A switch can be added to give other equalized functions as in 
Figure 9.1. 
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A complete semiconductor, stereophonic tape playback system may be assembled 
by using the following circuits in conjunction with a stereophonic tape deck. 
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AUTODYNE CONVERTER CIRCUITS 


The converter stage of a transistor radio is a combination of a local oscillator, a 
mixer and an IF amplifier. A typical circuit for this stage is shown in Figure 10.1. 
15K:5002 


be 
AC=190.6 uF AUTOMATIC: 798 


TO FIRST 


FOR ADDITIONAL INFORMATION SEE PAGE 154 


AUTODYNE CONVERTER 
Figure 10.1 


Redrawing the circuit to illustrate the oscillator and mixer sections separately, we 
obtain Figures 10.2 and 10.3. 
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Figure 10.3 


Figure 10.2 


The operation of the oscillator section (10.2) is as follows: 


Random noise produces a slight variation in base current which is subsequently 
amplified to a larger variation of collector current. This A.C. signal in the primary of 
Lz induces an A.C. current into the secondary of L: tuned by Cs to the desired 
oscillator frequency. C2 then couples the resonant frequency signal back into the 
emitter circuit. If the feedback (tickler) winding of Ls is properly phased the feedback 
will be positive (regenerative) and of proper magnitude to cause sustained oscillations. 
The secondary of Le is an auto-transformer to achieve proper impedance match be- 


tween the high impedance tank circuit of Lz and the relatively low impedance of the 
emitter circuit. 
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C, effectively bypasses the biasing resistors R and Rs to ground, thus the base is 
A.C. grounded. In other words, the oscillator section operates essentially in the 
grounded base configuration. 

The operation of the mixer section (10.3) is as follows: 

The ferrite rod antenna L: exposed to the radiation field of the entire frequency 
spectrum is tuned by Ca to the desired frequency (broadcast station). 

The transistor is biased in a relatively low current region, thus exhibiting quite 
non-linear characteristics. This enables the incoming signal to mix with the oscillator 
signal present, creating signals of the following four frequencies: 

1. The local oscillator signal. 

2. The received incoming signal. 

3. The sum of the above two. 

4. The difference between the above two. 

The IF load impedance T; is tuned here to the difference between the oscillator 
and incoming signal frequencies. This frequency is called the intermediate frequency 
(I.F.) and is conventionally 455 KC/S. This frequency will be maintained fixed since Ca 
and Cx are mechanically geared (ganged) together. Ri and Cs make up a filter to pre- 
vent undesirable currents flowing through the collector circuit. Cz essentially bypasses 
the biasing and stabilizing resistor R. to ground. Since the emitter is grounded and 
the incoming signal injected into the base, the mixer section operates in the “grounded 
emitter” configuration. 


IF AMPLIFIERS 


A typical circuit for a transistor IF amplifier is shown by Figure 10.4. 
AUTOMATIC 725 
$ 


AUTOMATIC 725 
(Exo-3926) 
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Figure 10.4 


The collector current is determined by a voltage divider on the base and a large 
resistance in the emitter. The input and output are coupled by means of tuned IF 
transformers. The .05 capacitors are used to prevent degeneration by the resistance 
in the emitter. The collector of the transistor is connected to a tap on the output 
transformer to provide proper matching for the transistor and also to make the per- 
formance of the stage relatively independent of variations between transistors of the 
same type. With a rate-grown NPN transistor such as the 2N293, it is unnecessary 
to use neutralization to obtain a stable IF amplifier. With PNP alloy transistors, it 
is necessary to use neutralization to obtain a stable amplifier and the neutralization 
capacitor depends on the collector capacitance of the transistor. The gain of a tran- 
sistor IF amplifier will decrease if the emitter current is decreased. This property 
of the transistor can be used to control the gain of the IF amplifier so that weak 
stations and strong stations will produce the same audio output from a radio. Typical 
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circuits for changing the gain of an IF amplifier in accordance with the strength 
of the received signal are explained in the A.V.C. section of this chapter. 

A.V.C. is a system which automatically varies the total amplification of the signal 
in a radio receiver with changing strength of the received signal carrier wave. 


From the definition given, it would be correctly inferred that a more exact term 
to describe the system would be automatic gain control (A.G.C.). 

Since broadcast stations are at different distances from a receiver and there is a 
great deal of variation in transmitted power from station-to-station, the field strength 
around a receiver can vary by several orders of magnitude. Thus, without some sort 
of automatic control circuit, the output power of the receiver would vary considerably 
when tuning through the frequency band. It is the purpose of the A.V.C. or A.G.C. 
circuit to maintain the output power of the receiver constant for large variations of 
signal strengths. 

Another important purpose of this circuit is its so-called “anti-fading” properties. 
The received signal strength from a distant station depends on the phase and amplitude 
relationship of the ground wave and the sky wave. With atmospheric changes this 
relationship can change, yielding a net variation in signal strength. Since these changes 
may be of periodic and/or temporary nature, the A.V.C. system will maintain the 
average output power constant without constantly adjusting the volume control. 


The A.V.C. system consists of taking, at the detector, a voltage proportional to the 
incoming carrier amplitude and applying it as a negative bias to the controlled amplifier 
thereby reducing its gain. 


In tube circuits the control voltage is a negative going DC grid voltage creating 
a loss in transconductance (Gm). 


In transistor circuits various types of A.V.C. schemes can be used. 
EMITTER CURRENT CONTROL 


As the emitter current of a transistor is reduced (from 1.0 ma to .1 ma for instance) 
various parameters change considerably (see Figure 10.5). 
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CHARACTERISTICS VS. EMITTER CURRENT 


The effect of these changes will be twofold: 


1. A change in maximum available gain and 
2. A change in impedance matching since it can be seen that both ho» 
and hi» vary radically. 


Therefore, a considerable change in power gain can be obtained as shown by 
Figure 10.6. 
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On the other hand, as a result of Ico (collector leakage current) some current always 
flows, thus a transistor can be controlled only up to a point and cannot be “cut-off” 
completely. This system yields generally fair control and is, therefore, used more than 
others. For performance data see Figure 10.7. 
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Figure 10.7 


AUXILIARY A.V.C. SYSTEMS 

Since most A.V.C. systems are somewhat limited in performance, to obtain im- 
proved control, auxiliary diode A.V.C. is sometimes used. The technique used is to 
shunt some of the signal to ground when operating at high signal levels, as shown by 
Figure 10.8. 
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Figure 10.8 


In the circuit of Figure 10.8, diode CR: is back-biased by the voltage drops across 
R, and R: and represents a high impedance across T; at low signal levels. As the signal 
strength increases, the conventional emitter current control A.V.C. system creates a 
bias change reducing the emitter current of the controlled stage. This current reduction 
coupled with the ensuing impedance mismatch creates a power gain loss in the stage. 
As the current is further reduced, the voltage drop across Re becomes smaller thus 
changing the bias across CR:. At a predetermined level CR: becomes forward biased, 
constituting a low impedance shunt across T; and creating a great deal of additional 
A.V.C. action. This system will generally handle high signal strengths as can be seen 
from Figure 10.7. Hence, almost all radio circuit diagrams in the circuit section of this 
manual use this system in addition to the conventional emitter current control. 


DETECTOR STAGE 


In this stage (see Figure 10.9), use is made of a slightly forward biased diode in 
order to operate out of the square law detection portion of the I-E characteristics. This 
stage is also used as source of AGC potential derived from the filtered portion of the 
signal as seen across the volume control (R9). This potential, proportional to the signal 
level, is then applied through the AGC filter network C4, R7 and C5 to the base of the 
lst IF transistor in a manner to decrease collector current at increasing signal levels. 
R8 is a bias resistor used to fix the quiescent operating points of both the lst IF and the 
detector stage, while C6 couples the detected signal to the audio amplifier. (See 
Chapter 8 on Audio Amplifiers. ) 
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REFLEX CIRCUITS 
“A reflex amplifier is one which is used to amplify at two frequencies — usually 
intermediate and audio frequencies.” * 


The system consists of using an I.F. amplifier stage and after detection to return the 
audio portion to the same stage where it is then amplified again. Since in Figure 10.10, 
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Figu re 10.10 BLOCK DIAGRAM OF RECEIVER 


two signals of widely different frequencies are amplified, this does not constitute a 
“regenerative effect” and the input and output loads of these stages can be split audio 
—I.F. loads. In Figure 10.11, the IF. signal (455 Ke/s) is fed through T2 to the detector 
circuit CRI, C3 and R5. The detected audio appears across the volume control R5 
and is returned through C4 to the cold side of the secondary of T1. 

> 


AUDIO 
OUTPUT 


Figure 10.11 


8B PLUS 
Since the secondary only consists of a few turns of wire, it is essentially a short 


circuit at audio frequencies. Cl bypasses the IF. signal otherwise appearing across 
the parallel combination of Rl and R2. The emitter resistor R3 is bypassed for both 
audio and LF. by the electrolytic condenser C2. After amplification, the audio signal 
appears across R4 from where it is then fed to the audio output stage. C5 bypasses R4 
for IF. frequencies and the primary of T2 is essentially a short circuit for the 
audio signal. 

The advantage of “reflex” circuits is that one stage produces gain otherwise 
requiring two stages with the resulting savings in cost, space, and battery drain. The 
disadvantages of such circuits are that the design is considerably more difficult, 
although once a satisfactory receiver has been designed, no outstanding production 
difficulties should be encountered. Other disadvantages are a somewhat higher amount 
of playthrough (i.e. signal output with volume control at zero setting), and a minimum 
volume effect. The latter is the occurrence of minimum volume at a volume control 
setting slightly higher than zero, At this point, the signal is distorted due to the 


* F. Langford-Smith, Radiotron Designers Handbook, Australia, 1953, p. 1140 


(Re a NN Yet Saha Se tie ER LRN SE SEP 


es RADIO RECEIVER AND TUNER CIRCUITS 


balancing out of the fundamentals from the normal signal and the out-of-phase play- 
through component. Schematics of complete receivers will be found at the end of this 
chapter and in Chapter 20. 


FM TUNER 

The FM tuner shown in Figure 10.17 is especially suited to the home constructor 
because it does not require an elaborate alignment procedure. In fact, only the local 
oscillator is tuned and the only likely adjustment is either to stretch or squeeze the 
local oscillator coil to give the correct coverage of the FM band. It works in the follow- 
ing manner: See Figure 10.17. 

A tunnel diode oscillating at approximately one-half the input signal frequency 
is inductively coupled to the antenna input. When correctly tuned, the very stable 
tunnel diode oscillator acts as a second harmonic mixer producing a stable inter- 
mediate frequency centered at 200 Kc/sec. The intermediate frequency is amplified 
by two simple amplifiers, each consisting of two transistors giving a total voltage gain 
of around 100,000. The signal is then limited to give a square-wave which is being 
frequency modulated in the same manner as the transmitted signal. The square-wave 
is used to charge a capacitor-resistor-diode combination having a short time-constant 
producing a standard-sized pulse every time the square-wave goes positive. Pulse- 
minded readers will recognize this circuit as being a differentiator with the diode 
clipping the negative spike produced by differentiation. There is, at this point in the 
circuit, a string of similarly shaped pulses keeping step with the frequency modulated 
input signal. 

The average value of these pulses can be shown to be the audio originally modu- 
lating the FM carrier. This average is obtained by allowing the pulses to charge a 
capacitor through a resistor (an integrating circuit) the combination having a fairly 
long time constant. The resulting output is amplified by the final transistor which 
incorporates de-emphasis in its feed-back loop. 

The sensitivity is only 50 «V/20 db quieting and the receiver, as it stands, is only 
useful for receiving local stations. Addition of an RF stage would be a significant 
improvement. 

The tuner compares very favorably with circuits using more conventional forms 
of discrimination because distortion is not dependent on the accurate alignment of 
many tuned circuits. Harmonic distortion after limiting is excellent, being better 
than 1%. 


AM TUNER 

The tuner shown in Figure 10.18 is useful for high quality reception of local AM 
broadcast stations. A tuned RF stage is used to drive a Class B emitter-follower 
detector. The natural base-emitter voltage drop of the emitter-follower is overcome 
by providing a small amount of bias from a conducting germanium diode. This also 
compensates for any change in the base-emitter voltage drop with temperature. 

The two tuned circuits are aligned by equalizing inductance at the low frequency 
end of the tuning range (tuning capacitors at maximum value) and trimming capacity 
at the high frequency end in the conventional manner of aligning T.R.F. receivers. 
Bandwidth at 6 db is approximately 25 Kc/s. Owing to the wide-band capability of 
the tuner, difficulty might be experienced in adequately separating stations close to 
one another in frequency. For this reason, a directional antenna (Li) is used in the 
design so additional rejection of unwanted signals may be obtained by rotating the 
antenna. 
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COMPLETE RADIO RECEIVER CIRCUIT DIAGRAM 
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EXTERNAL ANTENNA 

MAY BE CONNECTE! 

IN MANNER SHOWN 
<7 DOTTED. 


o 


O -l2V 


18. 


OUTPUT 
O JACK 


Cl— 2 GANG CAPACITOR 
BOTH SECTIONS lOpf- 


L, — LOOPSTICK MILLER 
CAT. NO. 2000, OR 
365pf MILLER CAT. NO. EQUIVALENT 


112, OR EQUIVALENT 
BIE VECO AES Le —-ADJUSTABLE 220,H-275y2H 


MILLER PART NO.42A224 
CBI, OR EQUIVALENT 


AM TUNER 
Figure 10.18 


ADDITIONAL COMPONENT INFORMATION 


TRANSFORMERS 

The audio transformers used in these diagrams were 
wound on laminations of 156” by 14%” and a %” stack 
size, and having an electrical efficiency of about 80%. 
Smaller or less efficient transformers will degrade the 
electrical fidelity of the circuits. 


OSCILLATOR COIL 
Ed Stanwyck Coil Company #1265 


VARIABLE CONDENSER 
Radio Condenser Company Model 242 


The receiver circuits shown in Figures 10.1, 10.12, 10.13, 
10,14, 10.15, and 10.16 have been designed to give opti- 
mum performance with the components specified. Readers 
wishing to construct any of these receivers may obtain all 
standard components from local or national electronic 
parts distributors. If difficulty is encountered in obtaining 
the more special parts such as ganged tuning capacitors, 
r.f. and oscillator coils, or i.f., interstage, and audio trans- 
formers, the reader should make inquiry of 


Jonec-K Company 
Box 346 
North Syracuse 14, New York 
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CHAPTER 


Computers are generally classified as either analog or digital. An example of an 
analog computer is the slide rule where the numerical values involved in the calcula- 
tions are represented by the distance along the scales of the slide rule. For the slide 
rule, distance is the analog of the numerical values. In an electronic analog computer 
the voltage or current in the circuit is used as the analog of the numerical values 
involved in the calculation. Analog computers are used primarily in cases where mini- 
mum cost is important and high accuracy is not required. 

In a digital computer the numerical values change in discrete steps rather than 
continuously as in an analog computer. An example of a digital computer is the ordi- 
nary desk calculator or adding machine. In an electronic digital computer numerical 
values involved in the calculation are represented by the discrete states of flip-flops 
and other switching circuits in the computer. Numerical calculations are carried out in 
digital computers according to the standard rules of addition, subtraction, multiplica- 
tion and division. Digital computers are used primarily in cases where high accuracy 
is required such as in standard accounting work. For example, most desk calculators 
are capable of giving answers correct to one part in one million, but a slide rule (analog 
computer) would have to be about % of a mile long to be read to the same accuracy. 

The transistor’s small size, low power requirements and inherent reliability have 
resulted in its extensive use in digital computers. Special characteristics of the transistor 
such as low saturation resistance, low input impedance, and complementary NPN and 
PNP types, have permitted new types of digital circuits which are simple, efficient and 
fast. Computers operating at speeds of 5 megacycles are a commercial reality, and 
digital circuits have been proved feasible at 160 megacycles. 

This chapter offers the design engineer practical basic circuits and design proce- 
dures based on proven techniques and components. Flip-flops are discussed in detail 
because of their extensive use in digital circuits. 


FLIP-FLOP DESIGN PROCEDURES 


SATURATED FLIP-FLOPS 

The simplest flip-flop possible is shown in Figure 6.21, however, for standard 
transistor types the circuit in Figure 11.1(A) is preferable at moderate temperatures. 
We shall refer to the conducting and non-conducting transistors as the on and off 


-25V og 


2N525, 46 2N525 


SATURATED FLIP-FLOPS 
Figure 11.1 (A) Figure 11.1 (B) 
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transistors respectively. For stability, the circuit depends on the low collector to 
emitter voltage of the saturated on transistor to reduce the base current of the off 
transistor to a point where the circuit gain is too low for regeneration. The 2202 
emitter resistor can be removed if emitter triggering is not used. By adding 
resistors from base to ground as in Figure 11.1(B), the off transistor has both junctions 
reverse biased for greater stability. While the 33K resistors divert some of the formerly 
available base current, operation no longer depends on a very low saturation voltage 
consequently less base current may be used. Adding the two resistors permits stable 
operation beyond 50°C ambient temperature. 


© TRIGGER 
750 OHMS 


SATURATED FLIP-FLOP 
Figure 11.1 (C) 


The circuit in Figure 11.1(C) is stabilized to 100°C. The price that is paid for the 
stability is (1) smaller voltage change at the collector, (2) more battery power con- 
sumed, (3) more trigger power required, (4) a low Ico transistor must be used. The 
capacitor values depend on the trigger characteristics and the maximum trigger repeti- 
tion rate as well as on the flip-flop design. 

By far, the fastest way to design saturating flip-flops is to define the collector and 
emitter resistors by the current and voltage levels generally specified as load require- 
ments. Then assume a tentative cross-coupling network. With all components specified, 
it is easy to calculate the on base current and the off base voltage. For example, the 
circuit in Figure 11.1(B) can be analyzed as follows. Assume Vax = .3 volt and Vex = 
.2 volt when the transistor is on. Also assume that Ves = .2 volts will maintain the off 
transistor reliably cut-off. Transistor specifications are used to validate the assumptions. 

I. Check for the maximum temperature of stability. 
RuVeo 220 
Vz = R +R = 9900 + 220 (25) = 2.3 volts 
Veo on = Ve + Ver on = 2.3 + .2 = 2.5 volts 
Assuming no Ico, the base of the off transistor can be considered connected to 


a potential, 

V's = Von Fe Re through a resistor R’s = Foe 
V3= ee = 1.1 volts 

Ras Pn) = 18.5K 
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The Ico of the off transistor will flow through R’s reducing the base to emitter 
potential. If the Ico is high enough, it can forward bias the emitter to base junction 
causing the off transistor to conduct. In our example, Vz — 2.3 volts and Ven = .2 volts 
will maintain off conditions, Therefore, the base potential can rise from 1.1 volts to 
2.1 volts (2.3 — .2) without circuit malfunction. This potential is developed across 
Shy in = 2.1—1.1 

18.5K 
will not exceed 54 wa at 50°C. If a higher operating temperature is required, Re and Rs 
may be decreased and/or Ry may be increased. 


= 54 wa. A germanium transistor with Ico = 10 wa at 25°C 


II. Check for sufficient base current to saturate the on transistor. 
Vio = Va “fb Vas on = 2.3 + .3 = 2.6 volts 


The current through R; = I; = fen = .079 ma 
. . ° — Vec — Vz on ai 25 — 2.6 
The current through R: and Rz in series is I, = Ro +R ~ 40K 429K 
= .506 ma 


The available base current is Iz = I. — Is = .43 ma 
_Veo — Vo on 25 — 2.5 


The collector current is Ic = = = 10.25 ma 
Ri 2.2K 
The transistor will be in saturation if hrs at 10 ma is greater than 
Io _ 10.25 _ 
(RR Pele 


If this circuit were required to operate to —55°C, allowance must be made for 
the reduction of hrs at low temperatures. The minimum allowable room temperature 
hrz should be 50% higher or hrz min = 36. 


Generally it is not necessary to include the effect of Ico flowing through R: when 
calculating I. since at temperatures where Ico subtracts from the base drive it simulta- 
neously increases hrs. If more base drive is required, R: and Rs may be decreased. 
If their ratio is kept constant, the off condition will not deteriorate, and so need not be 
rechecked. 


III. Check transistor dissipation to determine the maximum junction temperature. 
The dissipation in the on transistor is 


_ _(.8)(.48) (.2) (10.25) 
Vaz on Ip + Ver on Ic = 1000 + 1000 = 2.18 mw 
The dissipation in the off transistor resulting from the maximum Ico is 
(25) (55) 
Vesloo = ——_—— = 1.4 mw 


10° 

Generally the dissipation during the switching transient can be ignored at speeds 
justifying saturated circuitry. In both transistors the junction temperature is within 1°C 
of the ambient temperature if transistors in the 2N394-97 or 2N524-27 series are used. 

A saturated flip-flop using 2N994 germanium epitaxial transistors is shown in 
Figure 11.1(D). This flip-flop is capable of 30 mcs operation with a typical transition 
time of 10 nanoseconds. In this circuit Q: and Q: form the usual flip-flop configuration. 
However, the trigger input is steered through either Qs or Qs whose gain is used to 
quickly saturate Q: or Qs, whichever is in the “off” state. Simultaneously it is ensured 
that the cross-coupling capacitors are discharged to their rest potentials in the shortest 
possible time. For those flip-flop circuit applications not requiring the speed of the 
2N994 circuit, 2N781 transistors may be used. 
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NEGATIVE 
TRIGGER 


30 MEGACYCLE SATURATED FLIP-FLOP 
Figure 11.1 (D) 


NON-SATURATED FLIP-FLOP DESIGN 


The abundance of techniques to prevent saturation makes a general design pro- 
cedure impractical if not impossible. While it is a simple matter to design a flip-flop 
as shown above, it becomes quite tedious to check all the worst possible combinations 
of component change to ensure manufacturability and long term reliability. Often the 
job is assigned to a computer which calculates the optimum component values and 
tolerances, While a number of flip-flop design procedures have been published, they 
generally make simplifying assumptions concerning leakage currents and the voltages 
developed across the conducting transistors. 


CIRCUIT CONFIGURATION FOR 
NON-SATURATING 
FLIP-FLOP DESIGN PROCEDURE 


Characteristics: 
Trigger input at points E 
Trigger steering by Dz and Rs 
Collector clamping by D: and Rs 
Connect points A, B, C, D, E as shown in 
Figure 11.3 to get counter or shift regis- 
ter operation 


Cl and C2 chosen on basis of speed re- 
quirements 


Figure 11.2 (A) 
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The design procedure described here is for the configuration in Figure 11.2(A). No 
simplifying assumptions are made but all the leakage currents and all the potentials 
are considered. The design makes full allowance for component tolerances, voltage 
fluctuations, and collector output loading. The anti-saturation scheme using one resistor 
(R3) and one diode (D1) was chosen because of its effectiveness, low cost and 
simplicity. The trigger gating resistors (R5) may be returned to different collectors to 
get different circuit functions as shown in Figure 11.3. This method of triggering offers 
the trigger sensitivity of base triggering and the wide range of trigger amplitude 
permissible in collector triggering. The derivation of the design procedure would 
require much space, therefore for conciseness, the procedure is shown without any 
substantiation. The procedure involves defining the circuit requirements explicitly then 
determining the transistor and diode characteristics at the anticipated operating points, 
A few astute guesses of key parameters yield a fast solution. However, since the 
procedure deals with only one section of the circuit at a time, a solution is readily 
reached by cut and try methods without recourse to good fortune. A checking pro- 
cedure permits verification of the calculations. The symbols used refer to Figure 
11.2(A) or in some cases are used only to simplify calculations. A bar over a symbol 
denotes its maximum value; a bar under it, its minimum. The example is based on 
polarities associated with NPN transistors for clarity. The result is that only Ey is 
negative. While the procedure is lengthly, its straightforward steps lend themselves 
to computation by technically unskilled personnel and the freedom from restricting 
assumptions guarantees a working circuit when a solution is reached. A circuit designed 
by this procedure is shown in Figure 11.2(B). 
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620 OHMS 620 OHMS 


LOAD-3.16 VOLTS LOAD -3.16 VOLTS 
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NON-SATURATED FLIP-FLOP 
Figure 11.2 (B) 
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The same procedure can be used to analyze existing flip-flops of this configuration 


by using the design check steps. 
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TRIGGERING 


Flip-flops are the basic building blocks for many computer and switching circuit 
applications. In all cases it is necessary to be able to trigger one side or the other into 
conduction. For counter applications, it is necessary to have pulses at a single input 
make the two sides of the flip-flop conduct alternately. Outputs from the flip-flop must 
have characteristics suitable for triggering other similar flip-flops. When the counting 
period is finished, it is generally necessary to reset the counter by a trigger pulse to 
one side of all flip-flops simultaneously. Shift registers and ring counters have similar 
triggering requirements. 


In applying a trigger to one side of a flip-flop, it is preferable to have the trigger 
turn a transistor off rather than on. The off transistor usually has a reverse-biased 
emitter junction. This bias potential must be overcome by the trigger before switching 
can start. Furthermore, some transistors have slow turn on characteristics resulting in 
a delay between the application of the trigger pulse and the actual switching. On the 
other hand, since no bias has to be overcome, there is less delay in turning off a 
transistor. As turn-off begins, the flip-flop itself turns the other side on. 


A lower limit on trigger power requirements can be determined by calculating 
the base charge required to maintain the collector current in the on transistor. The 
trigger source must be capable of neutralizing this charge in order to turn off the 
transistor, It has been determined that the base charge for a non-saturated transistor is 
approximately Qn = 1.22 Ic/2mf. using the equivalent circuit approach, or re Ic using 
charge parameters. The turn-off time constant is approximately hre/2rf. or ra. This 
indicates that circuits utilizing high speed transistors at low collector currents will 
require the least trigger power. Consequently, it may be advantageous to use high 
speed transistors in slow circuitry if trigger power is critical. If the on transistor was in 
saturation, the trigger power must also include the stored charge. The stored charge is 
given approximately by 


A eae 1 ley 
Q .. Qn tf + =) Gj = a) (In rest) 


using the equivalent circuit approach. Using charge parameters the stored charge is 
approximately 


where the symbols are defined in the section on transient response time. 


Generally, the trigger pulse is capacitively coupled. Small capacitors permit more 
frequent triggering but a lower limit of capacitance is imposed by base charge con- 
siderations. When a trigger voltage is applied, the resulting trigger current causes the 
charge on the capacitor to change. When the change is equal to the base charge just 
calculated, the transistor is turned off. If the trigger voltage or the capacitor are too 
small, the capacitor charge may be less than the base charge resulting in incomplete 


turn-off, In the limiting case C = a -, The speed with which the trigger turns off a 
A 


transistor depends on the speed in which Qs is delivered to the base. This is determined 
by the trigger source impedance and ry’. 

In designing counters, shift registers or ring counters, it is necessary to make 
alternate sides of a flip-flop conduct on alternate trigger pulses. There are so-called 
steering circuits which accomplish this. At low speeds, the trigger may be applied at 
the emitters as shown in Figure 11.4. It is important that the trigger pulse be shorter 
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than the cross coupling time constant for reliable operation. The circuit features few 
parts and a low trigger voltage requirement. Its limitations lie in the high trigger 
current required. 

At this point, the effect of trigger pulse repetition rate can be analyzed. In order 
that each trigger pulse produce reliable triggering, it must find the circuit in exactly 
the same state as the previous pulse found it. This means that all the capacitors in the 
circuit must stop charging before a trigger pulse is applied. If they do not, the result 
is equivalent to reducing the trigger pulse amplitude. The transistor being turned off 
presents a low impedance permitting the trigger capacitor to charge rapidly. The 
capacitor must then recover its initial charge through another impedance which is 
generally much higher. The recovery time constant can limit the maximum pulse rate. 


O+6V 


EMITTER TRIGGERING 
MAXIMUM TRIGGER RATE EXCEEDS 2MC WITH TRIGGER 
AMPLITUDE FROM 4V TO l2v. 


Figure 11.4 


Steering circuits using diodes are shown in Figures 11.5 and 11.6. The collectors 
are triggered in 11.5 by applying a negative pulse. As a diode conducts during trigger- 
ing, the trigger pulse is loaded by the collector load resistance. When triggering 
is accomplished, the capacitor recovers through the biasing resistor Rr. To minimize 


O+6V 


COLLECTOR TRIGGERING 
MAXIMUM TRIGGER RATE EXCEEDS 5MC WITH TRIGGER 


AMPLITUDE FROM 4Vv TO I2v. BASE TRIGGERING 


MAXIMUM TRIGGER RATE EXCEEDS 5MC 
WITH TRIGGER AMPLITUDE FROM 0.75 TO 
2 VOLTS. 


Figure 11.5 Figure 11.6 
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trigger loading, Rx should be large; to aid recovery, it should be small. To avoid the 
recovery problem mentioned above, Rr can be replaced by a diode as shown in 11.7. 
The diode’s low forward impedance ensures fast recovery while its high back im- 
pedance avoids shunting the trigger pulse during the triggering period. 

Collector triggering requires a relatively large amplitude low impedance pulse but 
has the advantage that the trigger pulse adds to the switching collector waveform to 
enhance the speed. Large variations in trigger pulse amplitude are also permitted. 

In designing a counter, it may be advantageous to design all stages identically the 
same to permit the economies of automatic assembly. Should it prove necessary to 
increase the speed of the early stages, this can be done by adding a trigger amplifier 
as shown in Figure 11.8 without any change to the basic stage. 


COLLECTOR TRIGGERING COLLECTOR TRIGGERING WITH TRIGGER AMPLIFIER 


DIODE TO SUPPLY VOLTAGE REDUCES FOR IMC TRIGGER RATE LESS THAN | VOLT TRIGGER 
By cil bia AND EXTENDS MAXIMUM AMPLITUDE REQUIRED. 


Figure 11.7 Figure 11.8 


Base triggering shown in Figure 11.6 produces steering in the same manner as 
collector triggering. The differences are quantitative with base triggering requiring 
less trigger energy but a more accurately controlled trigger amplitude. A diode can 
replace the bias resistor to shorten the recovery time. 


BASE TRIGGERING WITH HYBRID GATE Cr 


Figure 11.9 
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Hybrid triggering illustrated in Figure 11.9 combines the sensitivity of base 
triggering and the trigger amplitude variation of collector triggering. In all the other 
steering circuits the bias potential was fixed, in this one the bias potential varies in 
order to more effectively direct the trigger pulse. By returning the bias resistor to the 
collector the bias voltage is Vcs. For the conducting transistor, Vcs is much less than 
for the off transistor, consequently, the trigger pulse is directed to the conducting 
transistor. This steering scheme is particularly attractive if Vos for the conducting 
transistor is very small as it is in certain non-saturating circuits such as shown in 
Figure 6.23. 

Care should be taken that the time constant CrRr does not limit the maximum 
counting rate. Generally Rx can be made approximately equal to Rx, the cross-coupling 
resistor. 


SPECIAL PURPOSE CIRCUITS 


SCHMITT TRIGGER 

A Schmitt trigger is a regenerative bistable circuit whose state depends on the 
amplitude of the input voltage. For this reason, it is useful for waveform restoration, 
signal level shifting, squaring sinusoidal or non-rectangular inputs, and for DC level 
detection. Practical circuits are shown in Figure 11.10. 


O-l2V 


1.8K 


FREQUENCY RANGE O~S0OOKC 


OOUTPUT — oUTPUT AT COLLECTOR HAS 8V 
MINIMUM LEVEL CHANGE 


Q, ALWAYS CONDUCTS IF INPUT 


cl IS MORE NEGATIVE THAN -5V 
Qe Qp ALWAYS CONDUCTS IF INPUT 
2N396A IS MORE POSITIVE THAN -2V 
AMBIENT TEMPERATURE -55°C 
TO 71°C 


FREQUENCY RANGE O TO IMC 


OUTPUT AT COLLECTOR HAS 2V 
MINIMUM LEVEL CHANGE 


Q, ALWAYS CONDUCTS IF INPUT 
EXCEEDS 6.8V 


Qp ALWAYS CONDUCTS IF INPUT 
IS BELOW 5.2v 


AMBIENT TEMPERATURE 0°C 
TO 7I°C 


(B) 


SCHMITT TRIGGERS 
Figure 11.10 


169 


BASIC COMPUTER CIRCUITS 


Circuit operation is readily described using Figure 11.10(B). Assuming Q1 is non- 
conducting, the base of Q2 is biased at approximately +6.8 volts by the voltage 
divider consisting of resistors 3.3K, 1.8K and 6.8K. The emitters of both transistors are 
then at 6.6 volts due to the forward bias voltage required by Q2. If the input voltage 
is less than 6.6 volts, Q1 is off as was assumed. As the input approaches 6.6 volts, a 
critical voltage is reached where Q1 begins to conduct and regeneratively turns off Q2. 
If the input voltage is now lowered below another critical value, Q2 will again conduct. 


ASTABLE MULTIVIBRATOR 


The term multivibrator refers to a two stage amplifier with positive feedback. Thus 
a flip-flop is a bistable multivibrator; a “one-shot” switching circuit is a monostable 
multivibrator and a free-running oscillator is an astable multivibrator. The astable 
multivibrator is used for generating square waves and timing frequencies and for 
frequency division. A practical circuit is shown in Figure 11.11. The circuit is sym- 
metrical with the transistors DC biased so that both can conduct simultaneously. The 
cross-coupling capacitors prevent this, however, forcing the transistors to conduct 
Cr + 100 

40 
measured in pf (uuf). A synchronizing pulse may be used to lock the multivibrator to an 
external oscillator’s frequency or subharmonic. 


alternately, The period is approximately T = microseconds where Cr is 


FREQUENCY RANGE | CPS TO 250KCPS BY 
CHANGING Cr 

OUTPUT AT COLLECTOR HAS 8 VOLT 
MINIMUM LEVEL CHANGE 

AMBIENT TEMPERATURE -55°C TO 71°C 
SYNCHRONIZING PULSES PERMIT 
GENERATING SUBHARMONICS 

SYNC PULSE AMPLITUDE MUST EXCEED 
1.5V POSITIVE ; RISETIME MUST BE LESS 
THAN |.0n SEC. 


ASTABLE MULTIVIBRATOR 
Figure 11.11 


MONOSTABLE MULTIVIBRATOR 


On being triggered a monostable multivibrator switches to its unstable state where 
it remains for a predetermined time before returning to its original stable state. This 
makes the monostable multivibrator useful in standardizing pulses of random widths 
or in generating time delayed pulses. The circuit is similar to that of a flip-flop except 
that one cross-coupling network permits AC coupling only. Therefore, the flip-flop can 
only remain in its unstable state until the circuit reactive components discharge. Two 
circuits are shown in Figure 11.12 to illustrate timing with a capacitor and with an 
inductor. The inductor gives much better pulse width stability at high temperatures. 
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INDICATOR LAMP DRIVER 


The control panel of a computer frequently has indicator lamps to permit monitor- 
ing the computer’s operation. The circuit in Figure 11.13 shows a bistable circuit 
which permits controlling the lamp by short trigger pulses. 


A negative pulse at point A turns on the lamp, which remains on due to regenera- 
tive feedback in the circuit. A positive pulse at A will turn off the lamp. The use of 
complementary type transistors minimizes the standby power while the lamp is off. 


OUTPUT AT COLLECTORS HAS 8 VOLT 
LEVEL CHANGE 


OUTPUT PULSE DURATION 2uSEC TO | SEC 
MAXIMUM INPUT FREQUENCY 250KC 


MAXIMUM REQUIRED INPUT PULSE IS 
5 VOLTS 


DUTY CYCLE EXCEEDS 60% 
AMBIENT TEMPERATURE -55°C TO 71°C 


OUTPUT AT COLLECTOR HAS 
5 VOLT LEVEL CHANGE 


OUTPUT PULSE DURATION APPROX 
600 MICROSECONDS 

MAXIMUM INPUT PULSE REQUIRED 
3 VOLTS 


AMBIENT TEMPERATURE ~ 55°C 
TO 71°C 


2 


N635A 


(B) 


MONOSTABLE MULTIVIBRATOR 
Figure 11.12 


PULSE GENERATOR 


Frequently, in computer circuits a clock pulse is required to set the timing in an 
array of circuits. A pulse generator is shown in Figure 11.14 which delivers a very 
fast rise time (25 nsec.) pulse of high power. The circuit is basically composed of two 
parts. A multivibrator is formed by Q: and Q. and their associated circuitry and triggers 
the pulse generator formed by Q; and Qu. 
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Oo 24v+20% 
6.8K 22K 
I5K 
6.8K 


TRIGGER PULSE REQUIREMENT 2 VOLTS MAXIMUM. 
AMBIENT TEMPERATURE -55°C TO 71°C 
RESISTOR TOLERANCE + 10% AT END OF LIFE. 


BISTABLE INDICATOR LAMP DRIVER 
Figure 11.13 


GE 2N994 
Q2 


e 


472 220pf 


Pulse Generator Characteristics: Amplitude - 25 volts, 
Width - 200 nanoseconds, Rise Time - 25 nanoseconds, 
Fall Time - 30 nanoseconds, Impedance - 50 ohms, Repe- 
tition Rate - 100 kilocycles. 


PULSE GENERATOR WITH 0.5 AMPS. IN 25 NSEC. 
Figure 11.14 
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RING COUNTER 

The circuit of Figure 11.15 forms a digital counter or shift register with visual 
readout. The circuit operates from a 12 volt source and uses six components per stage. 
The counter and indicator functions are combined to insure low battery drain. The 
.22 ywfd capacitor ensures that the first stage turns on after the reset button is released. 
No current is drawn by the stages except when a lamp is on. As many stages as desired 
may be included in a ring. 


RESET N.C. 


+l2v0—o 


INI692 
INI692 


INI692 
RECTIFIERS 
PROVIDE BIAS 
VOLTAGES FOR 
TEMPERATURE 2ni4is 
STABILITY. 
Ol pfd 
inPuTO— A 
INI692 2N 1694 3 
TRIGGERING OUTPUT 
INI692 TRANSISTOR TO NEXT 
COUNTER 
Olutd RING 


= FIRST stage? SECOND STAGE LAST STAGE 
OF RING COUNTER 


RING COUNTER WITH VISUAL READOUT 
Figure 11.15 
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CHAPTER 


Large scale scientific computers, smaller machine control computers and electronic 
animals all have in common the facility to take action without any outside help when 
the situation warrants it. For example, the scientific computer recognizes when it has 
completed an addition, and tells itself to go on to the next part of the problem. A 
machine control computer recognizes when the process is finished and another part 
should be fed in. Electronic animals can be made to sense obstructions and change 
their course to avoid collisions. Mathematicians have determined that such logical 
operations can be described using the conjunctives AND, OR, AND NOT, OR NOT. 
Boolean algebra is the study of these conjunctives, the language of logic. A summary 
of the relations and operations of Boolean algebra follow the example of its use below. 


Transistors can be used to accomplish logic operations. To illustrate this, an example 
from automobile operation will be used. Consider the interactions between the ignition 
switch, the operation of the motor and the oil pressure warning light. If the ignition is 
off, the motor and light will both be off. If the ignition is turned on, but the starter is 
not energized the warning lamp should light because the motor has not generated oil 
pressure. Once the motor is running, the ignition is on and the lamp should be off. 
These three combinations of ignition, motor and lamp conditions are the only possible 
combinations signifying proper operation. Note that the three items discussed have 
only two possible states each, they are on or off. This leads to the use of the binary 
arithmetic system, which has only two symbols corresponding to the two possible states. 
Binary numbers will be discussed later in the chapter. 


I =!IGNITION 

M=MOTOR 

L =LAMP 

R =RESULT 

| =ON 

O =OFF 

t= ACCEPTABLE 

X = UNACCEPTABLE 
N=3=NO. OF VARIABLES 


2Nzg 


I 
2 
5 
4 
s} 
6 
yf 
8 


TABLE OF ALL POSSIBLE COMBINATIONS OF IGNITION, 
MOTOR AND LAMP CONDITIONS 


Figure 12.1 


To write the expressions necessary to derive a circuit, first assign letters to the 
variables, e.g., I for ignition, M for motor and L for lamp. Next assign the number one 
to the variable if it is on; assign zero if it is off. Now we can make a table of all possible 
combinations of the variables as shown in Figure 12.1. The table is formed by writing 
ones and zeros alternately down the first column, writing ones and zeros in series of 
two down the second; in fours down the third, etc. For each additional variable, 
double the number of ones or zeros written in each group. Only 2* rows are written, 
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where N is the number of variables, since the combinations will repeat if more rows 
are added. Indicate with a check mark in the result column if the combination repre- 
sented in the row is acceptable. For example, combination 4 reads, the ignition is off 
and the motor is running and the warning light is on. This obviously is an unsatisfactory 
situation. Combination 7 reads, the ignition is on and the motor is running and the 
warning light is off. This obviously is the normal situation while driving. If we indicate 
that the variable is a one by its symbol and that it is a zero by the same symbol, with 
a bar over it and if we use the symbol plus (++) to mean “OR” and multiplication to 
mean “AND” we can write the Boolean equation IML + IML + IML = R where R 
means an acceptable result. The three terms on the left hand side are combinations 1, 6, 
and 7 of the table since these are the only ones to give a check mark in the result 
column. The plus signs indicate that any of the three combinations individually is 
acceptable. While there are many rules for simplifying such equations, they are beyond 
the scope of this book. 
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A PICTORIAL PRESENTATION 
OF THE GATES REQUIRED TO 
EXPRESS THE BOOLEAN 
EQUATION 

TMC+IML+IMC = R 


A PICTORIAL PRESENTATION 
OF THE GATES REQUIRED TO 
EXPRESS THE BOOLEAN EQU- 
ATION 
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Figure 12.2 Figure 12.3 


To express this equation in circuitry, two basic circuits are required. They are 
named gates because they control the signal passing through. An “AND” gate generates 
an output only if all the inputs representing the variables are simultaneously applied and 
an “OR” gate generates an output whenever it receives any input. Our equation trans- 
lated into gates would be as shown in Figure 12.2. Only if all three inputs shown for an 
“AND” gate are simultaneously present will an output be generated. The output will 
pass through the “OR” gate to indicate a result. Note that any equation derived from 
the table can be written as a series of “AND” gates followed by one “OR” gate. 

It is possible to rearrange the equation to give a series of “OR” gates followed by one 
“AND” gate. To achieve this, interchange all plus and multiplication signs, and remove 
bars where they exist and add them where there are none. This operation gives us, 

(I+M+L)I+M+L)(1+M+L)=R 
In ordinary language this means if any of the ignition or motor or lamp is on, and 
simultaneously either the ignition is off or the motor is on or the lamp is off, and 
simultaneously either the ignition is off or the motor is off or the lamp is on, then the 
result is unacceptable. Let us apply combination 4 to this equation to see if it is accept- 
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able. The ignition is off therefore the second and third brackets are satisfied. The first 
bracket is not satisfied by the ignition because it requires that the ignition be on. 
However, the motor is on in combination 4, satisfying the conditions of the first bracket. 
Since the requirements of all brackets are met, an output results. Applying combination 
7 to the equation we find that the third bracket cannot be satisfied since its condi- 
tions are the opposite of those in combination 7. Consequently, no output appears. 
Note that for this equation, an output indicates an unacceptable situation, rather than 
an acceptable one, as in the first equation. In gate form, this equation is shown in 
Figure 12.3. 

Table 12.1 summarizes the definitions used with the Boolean equations above and 
indicates some of the rules which were used to convert the equation represented in 
Figure 12.2 to that of Figure 12.3. The more conventional symbols a, b, c are used in 
place of I, M, and L. 


DEFINITIONS 


a, b, c, ete. Symbols used in equations 
ab or a-b or (a)(b) Reads as “a and b” 
a+b Reads as “a or b” 
a Reads as “not a” 
Reads as “true” or “on” 
Reads as “false” or “off” 


Commutative Laws Distributive Law 
a+b=b+a a(b + c) = ab+ ac 

ab = ba Special Distributive Law 
Associative Laws (a + bia +c) =a + be 
(a+b)+c=a+(b+c) De Morgan’s Theorem 

(ab)e = a(be) ‘a+b=(ab) ab=(a+5) 


RELATIONSHIPS 


O=1 
aa a 
a-l=a 
a-a=—0 


a+ab=a(1+b)=a 


Table 12.1 


Methods for using transistors in gate circuits are illustrated in Figure 12.4. The base 
of each transistor can be connected through a resistor either to ground or a positive 
voltage by operating a switch. In Figure 12.4(A) if both switches are open, both tran- 
sistors will be non-conducting except for a small leakage current. If either switch A or 
switch B is closed, current will flow through Rx. If we define closing a switch as being 
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synonymous with applying an input then we have an “OR” gate. When either switch is 
closed, the base of the transistor sees a positive voltage, therefore, in an “OR” gate the 
output should be a positive voltage also. In this circuit it is negative, or “NOT OR”. 
The circuit is an “OR” gate with phase inversion. It has been named a “NOR” circuit. 
Note that if we define opening a switch as being synonymous with applying an input, 
then we have an “AND” circuit with phase inversion since both switch A and switch B 
must be open before the current through Rx ceases. We see that the same circuit can 
be an “AND” or an “OR” gate depending on the polarity of the input. 


+10V 


(A) GATE USING NPN TRANSISTORS = 
IF CLOSING A SWITCH IS AN INPUT, THIS IS AN "OR" GATE 
IF OPENING A SWITCH IS AN INPUT, THIS IS AN "AND" GATE 
NOTE: PHASE INVERSION OF INPUT 


+10V 


(B) GATE USING PNP TRANSISTORS 
IF CLOSING A SWITCH IS AN INPUT THIS IS AN "AND" GATE 
IF OPENING A SWITCH IS AN INPUT THIS IS AN "OR" GATE 
NOTE: PHASE INVERSION OF INPUT 


BASIC LOGIC CIRCUITS USING PARALLEL TRANSISTORS 
Figure 12.4 
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The circuit in Figure 12.4(B) has identically the same input and output levels but 
uses PNP rather than NPN transistors. If we define closing a switch as being an input, 
we find that both switches must be closed before the current through Rx ceases. There- 
fore, the inputs which made the NPN circuit an “OR” gate make the PNP circuit an 
“AND” gate. Because of this, the phase inversion inherent in transistor gates does not 
complicate the overall circuitry excessively. 

Figure 12.5(A) and (B) are very similar to Figure 12.4(A) and (B) except that the 
transistors are in series rather than in parallel. This change converts “OR” gates into 
“AND” gates and vice versa. 


(A) GATE USING NPN TRANSISTORS 

IF CLOSING A SWITCH IS AN INPUT THIS IS AN "AND" GATE 
IF OPENING A SWITCH IS AN INPUT THIS IS AN "OR"GATE 
NOTE: PHASE INVERSION OF INPUT 


(B) GATE USING PNP TRANSISTORS 

IF CLOSING A SWITCH IS AN INPUT THIS IS AN “OR GATE 
IF OPENING A SWITCH IS AN INPUT THIS IS AN“AND"GATE 
NOTE: PHASE INVERSION OF INPUT 


BASIC LOGIC CIRCUITS 
(USING SERIES TRANSISTORS) 


Figure 12.5 


Looking at the logic of Figure 12.3, let us define an input as a positive voltage; a 
lack of an input as zero voltage. By using the circuit of Figure 12.4(A) with three 
transistors in parallel, we can perform the “OR” operation but we also get phase 
inversion. We can apply the output to an inverter stage which is connected to an 
“AND” gate of three series transistors of the configuration shown in Figure 12.5(A). 
An output inverter stage would also be required. This is shown in Figure 12.6(A). 
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By recognizing that the circuit in Figure 12.4(A) becomes an “AND” gate if the 
input signal is inverted, the inverters can be eliminated as shown in Figure 12.6(B). 


ALL TRANSISTORS — 2N2iI95 = = = = 
NORGATE INVERTER NOT ‘AND “GATE INVERTER 


(A)INVERTERS COMPENSATE FOR PHASE INVERSION OF GATES 


“NOR” GATE 


TO OTHER 


NOT"AND” 
“NOR” GATES GATE 


(B)PHASE INVERSION UTILIZED TO ACHIEVE "AND" AND“OR" FUNCTIONS FROM THE SAME CIRCUIT. 


CIRCUITS REPRESENTING (1+ M+L)(1+M+QL)(1+M+L)=R 
Figure 12.6 


If the transistors are made by processes yielding low saturation voltages and high 
base resistance, the series base resistors may be eliminated. Without these resistors the 
logic would be called direct-coupled transistor logic DCTL. While DCTL offers ex- 
treme circuit simplicity, it places severe requirements on transistor parameters and 
does not offer the economy, speed or stability offered by other logical circuitry. 

The base resistors of Figure 12.6 relax the saturation voltage and base input voltage 
requirements. Adding another resistor from each base to a negative bias potential 
would enhance temperature stability. 

Note that the inputs include both “on” and “off” values of all variables e.g., both 
I and I appear. In order that the gates function properly, I and I cannot both be posi- 
tive simultaneously but they must be identical and oppositely phased, i.e. when I is 
positive I must be zero and vice versa. This can be accomplished by using a phase 
inverter to generate I from I. Another approach, more commonly used, is to take I 
and I from opposite sides of a symmetrical flip-flop. 
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-10 
IF A OR B OR C IS RAISED FROM ZERO TO 
12 VOLTS THE TRANSISTOR WILL CONDUCT. 


BASIC NOR CIRCUIT 
Figure 12.7 


“NOR?” logic is a natural extension of the use of resistors in the base circuit. In the 
circuit of Figure 12.7, if any of the inputs is made positive, sufficient base current 
results to cause the transistor to conduct heavily. The “OR” gating is performed by 
the resistors; the transistor amplifying and inverting the signal. The logic of Figure 
12.3 can now be accomplished by combining the “NOR” circuit of Figure 12.7 with 
the “AND” circuit of Figure 12.5(A). The result is shown in Figure 12.7. In comparing 
the circuits in Figure 12.6(A) and 12.8, we see that the “NOR” circuit uses one-fourth 
as many transistors and one-half as many resistors as the brute force approach. In fact if 
we recall that the equation we are dealing with gives R rather than R, we see that 
we can get R by removing the output phase inverter and making use of the inherent 
inversion in the “NOR” circuit. In the circuit of Figure 12.7 two supply voltages of 
+20 and —10 volts are used. The —10 volt supply is to insure that the transistor is 
held off when I.. increases at elevated temperatures. If silicon transistors (such as the 
2N708, 2N914, or 2N2193A) are used in NOR logic circuits the hold off supply may 
not be necessary. Since Vsx is larger for silicon devices and Ico is very low a resistor 
returned to the emitter reference may result in sufficient circuit stability. 
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(A) NOR LOGIC USING SERIES 
TRANSISTORS FOR “AND” GATE 


(B) NOR LOGIC USING 
INVERSION FOR “AND” GATE 


Figure 12.8 
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Because of the fact that a generalized Boolean equation can be written as a series 
of “OR” gates followed by an “AND” gate as was shown, it follows that such equations 
can be written as a series of “NOR” gates followed by a “NOR” gate. The low cost 
of the resistors used to perform the logic and the few transistors required make “NOR” 
logic attractive. 
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DEFINITIONS 


I, =MINIMUM CURRENT THROUGH Ry FOR 
TURNING TRANSISTOR ON 

Ig =MINIMUM BASE CURRENT FOR 
TURNING TRANSISTOR ON 

I =BIAS CURRENT TO KEEP TRANSISTOR 
OFF AT HIGH TEMPERATURES 

M =MAX. NUMBER OF INPUTS PERMITTED 

N = MAX. NUMBER OF OUTPUTS PERMITTED 

Vpe=MAX. BASE TO EMITTER VOLTAGE WHEN 
THE TRANSISTOR IS ON. 


Vog = MAX. COLLECTOR TO EMITTER VOLTAGE WHEN 
THE TRANSISTOR IS ON. 


CIRCUIT USED FOR DESIGN OF NOR CIRCUITRY 
Figure 12.9 


A detailed “NOR” building block is shown in Figure 12.9. The figure defines the 
basic quantities. The circuit can readily be designed with the aid of three basic 
equations. The first derives the current Ix under the worst loading conditions at the 
collector of a stage. 


Vec roe Var _— IcomRe 
Te 
K Rx + NRo (12a) 
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where Icom is the maximum Ico that is expected at the maximum junction temperature. 
The second equation indicates the manner in which Ix is split up at the base of the 


transistor. 
Verm — Veen + Vax — Ves) — (Van — Veen) re (12b) 


Rx 

where Vcen is the minimum expected saturation voltage, Vcem is the maximum expected 
saturation voltage and Ves is the reverse bias required to reduce the collector current 
to Ico. Ven is a negative voltage. The third equation ensures that Vrs will be reached 
to turn off the transistor. 


Ix = Is + ML 


4. Veew — Ver)M =a (12c) 
Rx 

Knowing Ir and choosing a convenient bias potential permits calculation of Rr. In 
using these equations, first select a transistor type. Assume the maximum possible 
supply voltage and collector current consistent with the rating of the transistor and the 
maximum anticipated ambient temperature. This will ensure optimization of N and 
M. From the transistor specifications, values of Icom, Vez, Vorx, and Is (min) can be 
calculated. Is (min) is the minimum base current required to cause saturation. Re is 
calculated from the assumed collector current. In equation (12a) solve for Ix using the 
desired value of N and an arbitrary value for Rx. Substitute the value for Ix in equa- 
tion (12b) along with a chosen value for M and solve for Is. While superficially Is need 
only be large enough to bring the transistor into saturation, increasing Is will improve 
the rise time. 


INPUTS INPUTS 
OUTPUT 
| = | oan 
T = a = 


CLAMPING DIODE REDUCES STORAGE CAPACITORS REDUCE STORAGE 
TIME TO INCREASE SPEED TIME TO INCREASE SPEED 
(A) (B) 


Icom 


Figure 12.10 


Circuit speed can also be enhanced by using a diode as shown in Figure 12.10(A) 
to prevent severe saturation or by shunting Rx by a capacitor as in 12.10(B). The capac- 
itors may cause malfunction unless the stored charge during saturation is carefully 
controlled; they also aggravate crosstalk between collectors. For this reason it is pref- 
erable to use higher frequency transistors without capacitors when additional speed 
is required. Table 12.2 lists the characteristics of common logic systems employing 
transistors. 
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TYPICAL CIRCUIT 


DESCR 
NAME (Positive signals are defined as 1) SCRIPTION 
Logic is performed by re- 
RTL sistors. Any positive input 
produces an inverted out- 
P a+b+c put irrespective of the 
Resistor other inputs. Resistor Rs 
transistor gives temperature stability. 
ses (See Fig. 12.7) 


Same as RTL except that 
capacitors are used to en- 
hance switching speed. 
a+b The capacitors increase the 


RCTL 


enistor base current for fast col- 

parscgeoe lector current turn on and 

Transistor minimize storage time by 

logic supplying a charge equal 

to the stored base charge. 

e + Logic is performed by 

—= —— transistors. Vce and Vsez, 

DCTL - ass measured with the tran- 

‘ sistor in saturation, define 

wi a i b the two logic levels: (Van 

coupe must be much less than 

transistor b Vse to ensure stability and 

logic circuit flexibility. (See 

= = = Fig. 12.6) 

Logic is performed by 

a + diodes. The output is not 

DL a+b+c ‘ inverted. Amplifiers are re- 

b abe quired to maintain the cor- 

Diode b rect logic levels through 
logic c several gates in series. 

- c 


es. The output is in- 
verted. The diode D iso- 
lates the transistor from 
the gate permitting R to 


Low turn on the collector cur- 
level rent. By proper choice of 
logic voltage changes occur. 


This method is also called 
current switching diode 
logic. 


COMMON LOGIC SYSTEMS 


oot a is performed by 
di 


FEATURES 


The circuit design is 
straightforward. All logical 
operations can be _ per- 
formed with only this cir- 
cuit. Many transistors 
readily meet the steady 
state requirements. 


2N1924 


Faster than RTL at the ex- 2N396A* 2N705 
pense of additional compo- pik ey 2N711 


nents and stringent stored 
charge requirements. 


Very low supply voltages 
may be used to achieve 
high power efficiency and 
miniaturization. Relatively 
fast switching speeds are 
practical. 


Several gates may be used 
between amplifiers. High 
speeds can be attained. 
Non - inversion — simplifies 
circuit design problems. 
Relatively inexpensive 
components are used. 


2N635A 


The number of inputs to 
the diode gate does not 
affect the transistor base 
current thus giving pre- 
dictable performance. The 
small voltage excursions 
minimize the effects of 
stray capacitance and en- 
hance switching speed. 


2N396A* 
2N525 


2N1305 


Table 12.2 


SUITABLE TRANSISTORS 
[—~sennanton ——[ ——s1nrcon J 
Low Speed High Speed | Low Speed | High Speed i 
Bh fer 


2N335 
2N656A 


2N706 
2N708 
2N914 
2N1613 
2N2193 


2N1613 
2N2193 


2N333* 
2N337* 
2N656A 


2N2193 


2N914 
2N1711 
2N2192 


LOGIC 


SUITABLE 
DIODES 


SILICON 


1N3604 
1N3605 
1N3606 


1N3604 
1N3605 
1N3606 


LOGIC 


TYPICAL CIRCUIT 


(Positive signals are defined as 1) 


NAME DESCRIPTION 


Logic is performed by 
transistors which are biased 
from constant current 
sources to keep them far 


CML 


Current out of saturation. Both in- 
mode verted and non-inverted 
logic outputs are available. 


Logic is performed by 
diodes. The output is in- 
verted. The transistor acts 


DTL 


a abe o+bte as an amplifier. This is 

Diode ¥ essentially an extension of 

transistor ‘ = the diode logic discussed 
logic = above. 


Logic is performed by 
cores and transmitted by 
diodes. Transistors act as 
drivers to shift informa- 
tion. Each transistor can 
drive many cores but not 
successive cores in the 
logic line. 


+ Logic is performed by 

4 silicon controlled switches 

bee which are triggered on at 
the gate lead. The gates 
can be actuated by pulse 
or DC levels. The gates 
have a built in memory 
and must be reset. 


Logic is performed by 

tunnel diode switehine 

abc from low voltage to hig 
voltage state. W heknes 
circuit represents or 
byes c OR gate depends on bias 
diode current through resistor R. 
logic Tunnel diode biased near 
peak current for OR gate, 
=> and close to ground for 

AND. 


TDL 


COMMON LOGIC SYSTEMS 


FEATURES 


Very high switching speeds 
are possible because the 
transistors are operated at 
optimum operating condi- 
tions. Although the volt- 
age excursion is small the 
circuitry is relatively un- 
affected by noise. 


High speeds can be at- 
tained. The impedance 
and voltage levels from 
stage to stage are well 
defined. 


These core modules can 
be made very small. Speed 
is limited by core switch- 
ing speeds. 


These gates are pulse or 
de actuated and the input 
need not be maintained. 
High output power capa- 
bility is available. In gen- 
eral, in the presence of 
radiation, units will turn 
on permitting fail-safe de- 
sign in this atmosphere. 


Current flowing through 
input resistors determines 
logic. Circuit is basically 
simple and very high 
speed is obtainable. 


SUITABLE TRANSISTORS 


| —sGERI MANIUM | _——=——sSSILIGCON.SSC=*Sd SILICON 


Low Speed High Speed Low Speed 
(fa << 15 mes. )}( fa > 15 mes. ) (fac 18mes. 


2N337* 
2N338* 
2N333* 
2N337* 


LOGIC 
SUITABLE 
DIODES 
High Speed c 
(fa 51 mes, ) | High Speed 
2N708 
2N914 
2N706 1N3604 
2N708 1N3605 
2N914 1N3606 
2N1613 
2N697 1N3604 
2N1613 1N3605 
2N1893 1N3606 
2N2193 1N3607 
2N2243 1N3608 
1N3609 


SUITABLE DEVICES 


3N58 Silicon Controlled 


3N59 Switches 
TD-1A 

TD-2A Germanium 
TD-3A Tunnel Diodes 


TD-311B 


NOTE: Other peak current diodes are listed in Chapter 22. 


Table 12.2 (Continued) 


*Military types 
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BINARY ARITHMETIC 


Because bistable circuits can be readily designed using a variety of components 
from switches to transistors, it is natural for counters to be designed to use binary 
numbers, i.e., numbers to the base, or radix, 2. In the conventional decimal system, a 
number written as 2904 is really a contraction for 2 x 10°+9 x 10?+0x 10'+4x1. 
Each place refers to a different power of 10 in ascending order from the right. 
In the binary system, only two symbols are permitted, 0 and 1. All numbers are 
constructed on the basis of ascending powers of 2. For example, 11011 means 
1x 2+1~x 2°40 x 2741 xX 2'+4 1 X 1. This is 27 in the decimal system. 

This notation applies also to decimal fractions as well as integers. For example, the 
number 0.204 is a contraction of 2 x 107 + 0 x 10° + 4 x 10%. Similarly, the binary 
number 0.1011 is a contraction of 1 x 27+ 0 x 2%°+1 x 2% 41 x 2%. Using this 
construction, a table of equivalent binary and decimal numbers can be obtained as 
shown below. 


Binary Decimal Binary Decimal 

0 0 0.000 0.000 

1 1 0.001 0.125 

10 2 0.010 0.250 

11 3 0.011 0.375 
100 4 0.100 0.500 
101 5 0.101 0.625 
110 6 0.110 0.750 
lll 7 0.111 0.875 


Arithmetic operations can best be described by comparative examples.. 


Addition Subtraction 
42 101010 44 101100 
2468 10010 —18 10010 
80) 111100 26 11010 


During addition, the digits in a column are added to the carry from the previous 
column. The result is expressed as a sum digit which is recorded and a carry digit 
which is applied to the next column. The term digit generally refers to the figures in a 
decimal number; the term bit (an abbreviation of binary digit) is used with binary 
numbers. If the digit being subtracted is the larger of the two in the column, the 
techniques used to handle this situation in decimal subtraction are also applicable in 
the binary system. 


Multiplication Division 
42, 101010 1.35 1.0101 
21 10101 5V6.7500 101V110.11000 
42 101010 5 101 
84 101010 1} 111 
882. 101010 15 101 
1101110010 25 1000 
25 101 
110 


Multiplying a binary number by two is equivalent to adding a zero to its right hand 


RRR SE LRG! bal WO ne nae TADS, Bn ee SE ie a an | 


Sia ee eae OETA TIES OCLC 


side, just as multiplying a decimal number by 10 adds a zero. This is equivalent to 
shifting the number one place to the left. In computers, this operation is done by a 
shift register. Division can be readily understood since it involves the operations of 
additions, subtraction and multiplication only. 


Computers generally employ circuits called adders which can perform the opera- 
tion of addition. Adders can also perform other arithmetic operations besides addition. 
For example, an adder can perform subtraction by the use of a number’s complement. 
The complement is obtained numerically by interchanging all ones and zeros. In 
equipment the complement can be obtained by taking the output from the opposite 
side of flip-flops. 

The manner in which subtraction with an adder is accomplished is given by the 
following example: 


Problem: Calculate 

1101 — 1001 
Complement of 1001 is 0110 

(1111 — 1001 = 0110) 


Add: 1101 + 0110 = 10011 
Add 1 10011 + 1 = 10100 


Omit left hand digit to obtain 
1101 — 1001 = 100 


Flip-flops can be connected in series so that the first flip-flop will alternate states 
with each input pulse, and successive flip-flops will alternate states at half the rate of 
the preceding flip-flop. In this way the flip-flops assume a unique configuration of 
states for a given number of input pulses. The flip-flops actually perform the function 
of binary counting. A practical circuit of a binary counter is shown in Figure 11.3(B) 
The count in a binary counter can be determined by noting whether each stage is in 
the 1 or 0 condition, and then assigning the appropriate power of 2 to the stage to 
reconstruct the number as in the examples above. 


If it is required to count to a base other than 2, a binary counter can be modified 
to count to the new base. 


The rules for accomplishing the modification will be illustrated for a counter to 
the base 10. 


Rule Example 
1) Determine the number of binary stages M=10 
(N) required to count to the desired o <= 102" 
new base (M) N=4 
2) Subtract M from 2% * — 10 =.6 
3) Write the remainder in binary form 6= 110 
4) When the count reaches 2%~', feed ot = '2* = 1000 


back a one to each stage of the counter Feedback added gives 
having a one in the remainder shown in 3) 1 110 


As additional pulses are added beyond the count 2%~, they will count through to M 
and then recycle to zero. This method is based on advancing the count at the point 2°* 
to the extent that the indicated count is 2’ when M input pulses are applied. The feed- 
back is applied when the most significant place becomes a one but it is imperative that 
feedback be delayed until the counter settles down in order to avoid interference with 
the normal counter action. 
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UNIJUNCTION TRANSISTOR 
CIRCUITS 


CHAPTER 


The unijunction transistor is a three-terminal semiconductor device which has 
electrical characteristics quite different from those of a conventional two-junction tran- 
sistor. Its most important features are: (1) a stable firing voltage which is a fixed 
fraction of the applied interbase voltage, (2) a very low value of firing current (Ip), 
(3) a negative resistance characteristic which is uniform from unit to unit and stable 
with temperature and life, (4) a high pulse current capability, and (5) a low cost. These 
characteristics make the unijunction transistor advantageous in oscillators, timing 
circuits, voltage sensing circuits, SCR firing circuits and bistable circuits. 

The unijunction transistor is available in 28 distinct types to meet the needs of a 
wide range of applications. Types 2N489 to 2N494 feature tight control on all param- 
eters, particularly on » (+10% limits) and Rss (+20% limits). These types differ from 
one another primarily in the limit values of » and Ras. Military versions of types 2N489 
to 2N494 are available to meet military specifications MIL-T-19500A/75. Type 2N1671 
and 2N2160 are low cost types, suitable for applications where lower voltage ratings 
and wider ranges of » and Rss can be tolerated. Types 2N1671A and 2N489A to 
2N494A have guaranteed characteristics for firing Silicon Controlled Rectifiers. Types 
2N1671B and 2N489B to 2N494B have lower limits on peak point current and emitter 
leakage current and are intended for applications such as time delay circuits where a 
sensitive characteristic is required. 


THEORY OF OPERATION 


The construction of the unijunction transistor is shown in Figure 13.2. Two ohmic 
contacts, called base-one (B1) and base-two (B2) are made at opposite ends of a 
small bar of n-type silicon. A single rectifying contact, called the emitter (E), is made 
on the opposite side of the bar close to base-two. An interbase resistance, Ras, of 
between 5K and 10K exists between base-one and base-two. In normal circuit opera- 
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SYMBOL FOR UNIJUNCTION TRAN- CONSTRUCTION OF UNIJUNCTION 
SISTOR WITH INDENTIFICATION OF TRANSISTOR — CROSS SECTIONAL 
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Figure 13.1 Figure 13.2 
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tion, base-one is grounded and a positive bias voltage, Vss, is applied at base-two. 
With no emitter current flowing, the silicon bar acts like a simple voltage divider 
(Figure 13.3) and a certain fraction, 7 of Vsx will appear at the emitter. If the emitter 
voltage, Vx, is less than 7 Vss, the emitter will be reverse-biased and only a small 
emitter leakage current will flow. If Vz becomes greater than 7 Vzs, the emitter will be 
forward biased and emitter current will flow. This emitter current consists primarily 
of holes injected into the silicon bar. These holes move down the bar from the emitter 
to base-one and result in an equal increase in the number of electrons in the emitter 
to base-one region. The net result is a decrease in the resistance between emitter and 
base-one so that as the emitter current increases, the emitter voltage decreases and a 
negative resistance characteristic is obtained (Figure 13.5). 

The operation of the unijunction transistor may be best understood by the repre- 
sentative circuit of Figure 13.3. The diode represents the emitter diode, Rs: represents 
the resistance of the region in the silicon bar between the emitter and base-one and 
Razz represents the resistance between the emitter and base-two. The resistance Rm 
varies with the emitter current as indicated in Figure 13.4. 


: 
(MA) |(OHMS) 
Reo fe) 
> 
Rey 
BI BI 


VARIATION OF Rs: WITH Iz IN 
REPRESENTATIVE CIRCUIT 
(TYPICAL 2N492) 


Figure 13.3 Figure 13.4 


The large signal properties of the unijunction transistor are usually given in the 
form of characteristic curves. Figure 13.5 gives typical emitter characteristic curves as 
plots of emitter voltage vs. emitter current for fixed values of interbase voltage. Figure 
13.6 gives typical interbase characteristic curves as plots of interbase voltage vs. base- 
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Figure 13.6 
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two current for fixed values of emitter current. On each of the emitter characteristic 
curves there are two points of interest, the peak point and the valley point. On each of 
the emitter characteristic curves the region to the left of the peak point is called the cut- 
off region; here the emitter is reverse biased and only a small leakage current flows. The 
region between the peak point and the valley point is the negative resistance region. 
The region to the right of the valley point is the saturation region; here the dynamic 
resistance is positive and lies in the range of 5 to 202, 


PARAMETERS — DEFINITION AND MEASUREMENT 


1. Res — Interbase Resistance. The interbase resistance is the resistance measured 
between base-one and base-two with the emitter open circuited. It may be measured 
with any conventional ohmmeter or resistance bridge if the applied voltage is five 
volts or less. The interbase resistance increases with temperature at about 0.8% /°C. 
This temperature variation of Rss may be utilized for either temperature compensation 
or in the design of temperature sensitive circuits. 


2. 1 — Intrinsic Stand-off Ratio, This parameter is defined in terms of the peak 
point voltage, Vr, by means of the equation: Vp = Vszn + Vp... where Vp is 
about 0.67 volt at 25°C and decreases with temperature at about 3 millivolts/°C. It is 
found that » is constant over wide ranges of temperature and interbase voltage. A 
circuit which may be used to measure 7 is shown in Figure 13.7. In this circuit Ri, Ci 
and the unijunction transistor form a relaxation oscillator and the remainder of the 
circuit serves as a peak voltage detector with the diode automatically subtracting the 
voltage Vp. To use the circuit, the “cal” button is pushed and R; adjusted to make the 
meter read full scale. The “cal” button is then released and the value of 7 is read 
directly from the meter (1.0 full scale). If the voltage V: is changed, the meter must 
be recalibrated. 


3. Ip — Peak Point Current. The peak point current corresponds to the emitter 
current at the peak point. It represents the minimum current which is required to fire 
the unijunction transistor or required for oscillation in the relaxation oscillator circuit. 
Ip is inversely proportional to the interbase voltage. Ip may be measured in the circuit 
of Figure 13.8. In this circuit the potentiometer setting is slowly increased until the 
unijunction transistor fires as evidenced by a sudden jump and oscillation of the meter 
needle, The current reading just prior to when the jump takes place is the peak point 
current. 
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Figure 13.7 


TEST CIRCUIT FOR PEAK POINT 
EMITTER CURRENT (I,) 


Figure 13.8 
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4, Vp — Peak Point Emitter Voltage. This voltage depends on the interbase voltage 
as indicated in (2). Vp decreases with increasing temperature because of the change 
in Vp and may be stabilized by a small resistor in series with base-two. 

5. Ve (sat) — Emitter Saturation Voltage. This parameter indicates the forward 
drop of the unijunction transistor from emitter to base-one in the saturation region. 
It is measured at an emitter current of 50 ma and an interbase voltage of 10 volts. 

6. Ise (mod) — Interbase Modulated Current. This parameter indicates the effective 
current gain between emitter and base-two. It is measured as the base-two current 
under the same condition used to measure Vx (sat). 

7. Ino — Emitter Reverse Current. The emitter reverse current is measured with 
60 volts between base-two and emitter with base-one open circuit. This current varies 
with temperature in the same way as the Ico of a conventional transistor. 

8. Vy — Valley Voltage. The valley voltage is the emitter voltage at the valley 
point. The valley voltage increases as the interbase voltage increases, it decreases 
with resistance in series with base-two and increases with resistance in series with 
base-one. : 

9. Iy —Valley Current. The valley current is the emitter current at the valley 
point. The valley current increases as the interbase voltage increases and decreases 
with resistance in series with base-one or base-two. 


RELAXATION OSCILLATOR 

The relaxation oscillator circuit shown in Figure 13.9 is a basic circuit for many 
applications. It is chiefly useful as a timing circuit, a pulse generator, a trigger circuit 
or a sawtooth wave generator. 
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BASIC RELAXATION OSCILLATOR 
WITH TYPICAL WAVEFORMS 


Figure 13.9 


Conditions for Oscillation. 
Vi — Ve 
Ri 
It is found that these conditions are very broad permitting a 1000 to 1 range of Ri 
from about 2K to 2M. Rz is used for temperature compensation, its value may be cal- 
culated from the equation: 
ee 0.40 Rss ( 
nVi 
The maximum and minimum voltages of the emitter voltage waveform may be 
calculated from: 
Vx (max) = Vp = 7Vzs + .67 volt 
Vx (min.) = 0.5 Vz (sat) 
The frequency of oscillation is given by the equation: 


1 
RC In (7) 


and may be obtained conveniently from the nomogram of Figure 13.10. 
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NOMOGRAM FOR CALCULATING FREQUENCY OF RELAXATION OSCILLATION 
Figure 13.10 


The emitter voltage recovery time, tvs, is defined as the time between the 90% 
and 10% points on the emitter voltage waveform. The value of tye is determined 
primarily by the size of the capacitor C in Figure 13.9 and may be obtained from 
Figure 13.11. 
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OSCILLATOR VS. CAPACITY 
Figure 13.11 


The pulse amplitude at base-one or base-two may be determined from the equations: 
[Vp — 1/2 Vu(sat)]C 

tve Units are ma, 
_ Ine Qned! V lic volts, muf, usec. 
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ULTRA-LINEAR SAWTOOTH WAVE GENERATOR 


The circuit of Figure 13.12 may be used as a linear sawtooth wave generator. The 
NPN transistor serves as an output buffer amplifier with the capacitor Cz and resistor Re 
serving in a bootstrap circuit to improve the linearity of the sawtooth. R: and C, give 
integrator type feedback which compensates for the loading of the output stage. Opti- 
mum linearity is obtained by adjusting R:. Linearity is 0.3% or more depending on 
hrx of the NPN transistor. 
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SAWTOOTH GENERATOR WITH HIGH LINEARITY 
Figure 13.12 


VOLTAGE SENSING CIRCUIT 


The high sensitivity of the unijunction transistor and the extreme stability of its 
firing characteristic make it ideally suited for use in go no-go types of voltage sensing 
circuits such as shown in Figure 13.13. This circuit includes a simple floating power 
supply with zener diode regulation which operates from the 115 volt AC line. If the 
input signal is negative the unijunction transistor will not fire and there will be no 
output. If the input signal is slightly positive, the unijunction transistor will fire and 
pulses will occur at the output as long as the input signal remains positive. The output 
pulses are of sufficient magnitude to trigger a flip-flop, an SCR, or other pulse sensitive 
devices. Note that the transformer coupled supply and output of this circuit give 
complete freedom of choice in connecting the circuit to the signal source since there 
are no common grounds. 

Most of the output pulse energy is supplied by capacitor C;. This capacitor is 
charged rapidly through R, after each pulse and hence does not limit the response time 
of the circuit. Diode D: provides a discharge path for Cs; and diode D; and D:» clamp 
the input voltage to enable C; to charge to its steady state voltage when very large 
voltages are present at the signal input. Capacitors C: and C: provide the initial firing 
energy for the unijunction transistor and also serve as a filter for transients appearing 
at the signal input and across the supply. In some cases a small capacitor will also be 
required across the primary of the pulse transformer to prevent false triggering due to 
transients. 

The circuit is initially adjusted by shorting the signal input and setting R: so that 
the circuit is on the verge of firing. If close temperature compensation is needed Re is 
adjusted so that the firing voltage does not change appreciably when the unijunction 
transistor is heated or cooled. It is normally possible to adjust the temperature com- 
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pensation so that the drift in firing voltage is within +2 millivolts from 0°C to 55°C. 
After the temperature compensation is completed it will normally be necessary to reset 
Ri. The long term stability of this circuit is normally better than +10 millivolts and 
the hysteresis is normally less than 1 millivolt. The change in firing voltage with a 
change in the supply voltage (AV) will be less than 0.7 AVi/V:. The voltage stability 
can be improved by adding two silicon diodes in series with Roe. 
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VOLTAGE SENSING AND TRIGGER CIRCUIT 
Figure 13.13 


STAIRCASE WAVE GENERATOR 


Figure 13.14 shows a simple staircase wave generator which has good stability and 
a wide operating range. The unijunction transistor Q, operates as a free running oscil- 
lator which generates negative pulses across Re. These pulses produce current pulses 
from the collector of Q: which charge capacitor C: in steps. When the voltage across Ci 
reaches the peak point voltage of Q, this transistor fires and discharges C,. 


Resistor R: determines the frequency of the steps and resistor Re determines the 
number of steps per cycle. The circuit shown can be adjusted for a step frequency 
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from 100 cps to 2 KC and the number of steps per cycle can be adjusted from one to 
several hundred. This circuit can also be adapted to a frequency divider by cascading 
stages similar to the stage formed by Qz and Qs. 


TIME DELAY RELAY 


Figure 13.15 shows how the unijunction transistor can be used to obtain a precise 
delay in the operation of a relay. When the switch SW1 is closed, capacitor Cr is 
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TIME DELAY CIRCUIT WITH RELAY 
Figure 13.15 


charged to the peak point voltage at which time the unijunction transistor fires and the 
capacitor discharges through the relay thus causing it to close. One set of relay contacts 
hold the relay closed and the second set of contacts can be used for control functions. 
To be used in this circuit, relays must have fast operating times, low coil resistance 
and low operating power. 

The time delay of this circuit is determined by Rr, about one second of delay is 
obtained for each 10K of resistance, Rr. The time delay is quite independent of tem- 
perature and supply voltage. 


MULTIVIBRATOR 


Figure 13.16 shows a unijunction transistor multivibrator circuit which has a fre- 
quency of about 1 Kc. The conditions for oscillation of this circuit are the same as for 


UNIJUNCTION TRANSISTOR MULTIVIBRATOR WITH TYPICAL WAVE FORMS 
Figure 13.16 
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the relaxation oscillator. The length of time during which the unijunction transistor is off 
(no emitter current flowing) is determined primarily by R:. The length of time during 
which the unijunction transistor is on is determined primarily by Re. The periods may 
be calculated from the equations: 


ots Vi, = Ve 
tis RC In Vi es V, 
if % 2 eS xe 
Fe eo a a | 
, ‘ Vi (Ri + Re) : 
Where Vx is measured at an emitter current of In = eh oe and may be obtained 
1f\2 


from the emitter characteristic curves. 


An NPN transistor may be direct coupled to the multivibrator circuit by replacing 
the diode as shown in Figure 13.17. This circuit has the advantage that the load does 
not have any effect on the timing of the circuit. 
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Figure 13.17 
HYBRID TIMING CIRCUITS 


The unijunction transistor can be used in conjunction with conventional PNP or 
NPN transistors to obtain versatile timing circuits such as symmetrical and unsym- 
metrical multivibrators, one-shot multivibrators, variable frequency oscillators and time 
delay circuits. The advantages of these circuits include: (1) The output at the collector 
of each transistor is very nearly an ideal rectangular waveform. (2) The circuits will 
tolerate large variations in hre or Ico of the transistors as compared to conventional 
circuits. (3) The circuits are not prone to “lock-up” or non-oscillation. (4) The timing 
stability is excellent. (5) A single small timing capacitor Cr can be used, avoiding the 
use of electrolytic capacitors in many applications. 

The hybrid timing circuits can use either germanium or silicon transistors as 
desired. The basic circuits for PNP or NPN transistors are shown in Figures 13.18 and 
13.19. In both of these circuits, the junction transistors form a conventional flip-flop 
with the unijunction transistor serving the timing and triggering functions. Each time 
the unijunction transistor fires the discharge current from the capacitor Cr develops a 
pulse across Ra which triggers the flip-flop from one state to the other. 

The basic circuits as shown in Figures 13.18 and 13.19 will operate at frequencies 
from about 1 eps to 500 cps and at temperatures above 75°C. Frequencies from 1 cycle 
per minute to 100 KC can be obtained by proper choice of Cr and Ra and suitable flip- 
flop design. The operating temperature range may be extended to 150°C by the use of 
silicon transistors. 
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BASIC HYBRID TIMING CIRCUITS USING PNP AND NPN TRANSISTORS 
Figure 13.18 Figure 13.19 


The basic hybrid timing circuits in Figures 13.18 and 13.19 can be adapted to 
perform desired functions by connecting resistors or potentiometers between the points 
in the circuit (C., C2, E, G) as indicated below. 


(A) Symmetrical Multivibrator — Square Wave Generator 
RT 
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Connecting the resistor between points E and G in the basic circuits gives a square 
wave generator which has perfect symmetry. By the use of a 2 megohm potentiometer 
the frequency may be varied continuously from 1 cps to 500 cps. The frequency is 
f = 1/2 RrCr. 

(B) One-Shot Multivibrator 


RT 
C,-—@$ PV IW —____—E (FIXED) 
Vo jet +4 
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The collector of Qz will be positive in the quiescent state. A positive pulse at the 
base of Q2 in Figure 13.18 or a negative pulse at the base of Q: in Figure 13.19 will 
trigger the circuit. At the end of the timing interval, the unijunction transistor will fire 
and cause the circuit to revert to its quiescent state. This circuit has the advantage of a 
fast recovery time so it may be operated at a high duty ratio without any loss of 
accuracy. 
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(C) Non-symmetrical Multivibrator 
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The timing capacitor Cr will be charged through the resistor Rr or Rrz which is 
connected to the positive collector. The diodes will isolate the other resistor from the 
timing capacitor. The two parts of the period (t:, tz) can thus be set independently by 
Rr: and Rrs and may differ by as much as 1000 to 1. 


(D) Non-symmetrical Multivibrator — Constant Frequency 


R, >3K 
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This configuration gives a multivibrator which has a constant frequency but a 
variable duty cycle. 

Further information on the characteristics and circuit applications of the unijunction 
transistor is given in application note 90.10, “Notes on the Application of the Silicon 
Unijunction Transistor.” Available on written request. 


FEEDBACK AND SERVO 
AMPLIFIERS — TRANSISTOR 
CHOPPERS 


CHAPTER 


USE OF NEGATIVE FEEDBACK IN TRANSISTOR AMPLIFIERS 


Negative feedback is used in transistor amplifiers to fix the amplifier gain, increase 
the bandwidth (if the number of transistors is less than three), reduce distortion, and 
change the amplifier input and output impedances. Feedback is used in servo ampli- 
fiers to obtain one or more of these characteristics. 


Gain is reduced at the midband frequencies as the feedback is increased, and the 
predictability of the midband gain increases with increasing feedback. Thus, the greater 
the feedback, the less sensitive will be the amplifier to the gain changes of its transistors 
with operating point and temperature, and to the replacement of transistors. 


The output and input impedances of the amplifier are dependent upon the type of 
feedback. If the output voltage is fed back, the output impedance is lowered. In con- 
trast, feedback of the output current raises the output impedance. If the feedback 
remains a voltage, the input impedance is increased, while if it is a current, the input 
impedance is decreased. 
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SERVO-TYPE FEEDBACK SYSTEM 
Figure 14.1 


OUTPUT 


A convenient method for evaluating the external gain of an amplifier with feedback 
is the single loop servo-type system as shown in Figure 14.1. (The internal feedback 
of transistors can be neglected in most cases.) The forward loop gain of the amplifier 
without feedback is given by G and it includes the loading effects of the feedback 
network and the load. H is the feedback function, and is usually a passive network. 
In using this technique, it is assumed that the error current or voltage does not affect 
the magnitude of the feedback function. The closed loop gain is then 


Cc @ maak GH 
Ree ee GH eT N Tet 


where C is the output function and R is the input. If GH is made much larger than 
one, the closed loop response approaches 1/H and becomes independent of the ampli- 
fier gain. Thus, GH determines the sensitivity of the closed loop gain to changes in 
amplifier gain. 
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Since GH is a complex quantity whose magnitude and phase are a function of 
frequency, it also determines the stability of the amplifier. The phase shift of GH for 
all frequencies must be less than 180° for a loop gain equal to or greater than one or 
the amplifier will become unstable and oscillate. Therefore, if the number of transistors 
in the amplifier is greater than two, the phase shift of GH can exceed 180° at some 
frequency, and stabilization networks must be added to bring the loop gain to one 
before the phase shift becomes 180°. 
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VOLTAGE FEEDBACK AMPLIFIER 
Figure 14.2 


Figure 14.2 shows a voltage feedback amplifier where both the input and output 
impedances are lowered. A simplified diagram of the amplifier is shown in 14.2(B), 
which is useful in calculating the various gains and impedances. Z: is the input im- 
pedance of the first stage without feedback, and Zon is the output impedance of the last 
stage without feedback. Ai is the short circuit current gain of the amplifier without 
feedback (the current in the load branch with Ri = 0 for a unit current into the base 
of the first transistor). Any external resistors, such as the collector resistor which are 
not part of the load can be combined with Zon. The gain and impedance equations 
shown are made assuming that the error voltage (i»Z:) is zero which is nearly correct 
in most cases. If this assumption is not made, the loop gain of the amplifier can be 
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derived by breaking the loop at y-y’ and terminating the point y with Z,.@ The loop 
gain is then ir/i» with the generator voltage set equal to zero. Since the loop is a 
numeric, the voltage and current loop gains are identical. The loop gain is then 


Ai ( Zu’ ) ( Ls ) (14a) 
Zi’ 5 Zr ss Z! Zs + Zi 
where 
; Zz Z. 
LZ. = => = 
L Zu + Le Zxy, and 
va = Le Zi 
Ze+ Z 


Notice that if Z; >> Z: and Zr >> Z:, then the loop gain is very nearly equal to GH 
as given in Figure 14.2. 

The input impedance of the amplifier is reduced by 1 + GH, while the output im- 
pedance is also decreased. 


Figure 14.3 shows a current amplifier where both the output and input impedances 
are increased. The loop is obtained by breaking the circuit at y-y’ and terminating 
points y-a with Z;. The loop gain is ir/i, and is approximately equal to 

_ Ai Ze (14b) 
Zz + Zi 
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SERVO AMPLIFIER FOR TWO PHASE SERVO MOTORS 


PREAMPLIFIERS 

Figure 14.4 shows a two stage preamplifier which has a low input impedance, and 
which is quite stable in bias point and gain over wide temperature ranges. In addition, 
no selection of transistors is required. 

Because only two stages are involved, the amplifier is stable, and frequency stabili- 
zation networks are not required. The current gain i./iin is approximately Re/Rr if the 
generator impedance and Rr are much larger than the grounded emitter input imped- 
ance of Q:. Rr should not exceed a few hundred ohms because it contributes to the 
loss of gain in the interstage coupling network. The loss of gain in the interstage 
coupling is 


k= Zot (14c) 


Zor’ + hier + ree Re 


where Zo.’ is the parallel combination of Re and the output impedance of Q1. The loop 
gain then is approximately 


(22 hres K Be.) ( R; ) (14d) 
Re hie: + Rs 
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400 CYCLE PREAMPLIFIER FOR OPERATION IN 
AMBIENTS OF —55 TO 125°C 


Figure 14.4 


Because the feedback remains a current, the input impedance of this circuit is quite 
low; less than 100 ohms in most cases. This preamplifier will work well where current 
addition of signals is desired and “cross-talk” is to be kept to a minimum. 


Bias Design Procedure for Stage Pair 
(Reference Figure 14.5) 
1. The values of Ess, Im, In2, Vem, and Vorz are selected by the designer to be com- 
patible with the constraints imposed by the circuit and component specifications. 
Thus, Iz2 and Ess must be large enough to prevent clipping at the output under 
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conditions of maximum input. For designs which must operate in wide tempera- 
ture environment, the bias currents and voltages (Iz and Vcr) of Q1 and Q2 
should be approximately equal to those used by the manufacturer for specifying 
the “h” parameters. (For the 2N335, In: = In: = 1 ma and Vcr = 5 to 10 volts.) 


Figure 14.5 


2. For good bias stability, In: R: should be five to ten times Vem, i.e., 3 to 5 volts; 
thus, knowing Im, R: can be found. I; should also be five to ten times larger 


than Tui. 
— Eo» — Ver: — Im R 
3. RS pray TRE ee Te (14e) 
where 
Ine = Jes. + Icsoe, Ini = Te: + Icso, (14f) 
hrrz hres 


and where hrm and hrre are the typical D.C. current gains at the particular bias 
conditions. Icno is the collector-base leakage current at the temperature and 
collector-base voltage being used. 


4. Ry = 1 Est Vem (14g) 
where I; is selected to be 5 to 10 times larger than Ip:. 

5. Re = Vom — Vem — Ver aaa Vene (14h) 

8 melt te vs 

7. i = (14)) 

8. Rr == (14k) 


where G, is the desired closed loop a.c. current gain. (The emitter by-pass 
capacitors are selected to present essentially a short circuit impedance at the 
lowest frequency of interest.) 
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Figure 14.6 shows a three stage, 400 cycle direct-coupled preamplifier with good 
bias stability from —55 to 125°C. If the dc conditions shown in the figure are met, 


the collector voltage of Q3 is approximately 

[(Ri + Rs + Rs) Re] (Ec — Vz) 4 (Ri + Rs + Ro) Var (141) 
a1 Ri Rs Ri 

where Va: is the breakdown voltage of the first avalanche diode. The various ac gains 

and impedances can be calculated from the equations of Figure 14.1 with the exception 

that the ac feedback is now approximately 


(BL) (Be (14m) 
Rs Ro 

where 1/Ri’ = 1/Ri + 1/Ros + 1/R;, and Ros is the output impedance of Q3. This 
assumes that the input impedance of Q1 is much less than R; and Rs. The value of Rio 
determines the closed loop gain, while the values of Cs:, Cs2, Ru, and Re are used to 
bring the magnitude of the loop gain to unity before the phase shift reaches 180°. The 
values required for these capacitors and resistors are dependent upon the maximum 


expected loop gain. 
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THREE STAGE DIRECT COUPLED 400 ~ PREAMPLIFIER 
Figure 14.6 


DRIVER STAGE 

Because the output stages of servo amplifiers are usually operated either Class B 
or a modified Class B, the driver must provide phase inversion of the signal. In most 
cases, this is accomplished by transformer coupling the driver to the output stage. The 
phase shift of the carrier signal in passing through the transformer must be kept small. 
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However, since the output impedance of the transistor can be quite large, the phase 
shift can be large if the transformer shunt inductance is small, or if the load resistance 
is large as shown in Figure 14.7. The inductance of most small transformers decreases 
very rapidly if a de current flows in the transformer. Therefore in transformer coupling, 
the phase shift of the carrier is reduced to a minimum if the de current through the 
coupling transformer is zero, or feedback is used to lower the output impedance of 


the driver. 
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Figure 14.8 shows a modified “long tail pair” driver. In this case Ql and Q2 
operate Class A, and the quiescent collector current of Q1 and Q2 cancel magnetically in 
the transformer. Transistor Ql operates grounded emitter, while Q2 operates grounded 
base. Separate emitter resistors R: and R:z are used rather than a common emitter re- 
sistor in order to improve the bias stability. The collector current of Q1 is approximately 
hrex ini, while the emitter current of Q2 is (hre: + 1) in. Since Q2 operates grounded 
base, the collector current of Q2 is —hene/(hrer + 1) in: or —hee in: if the current gain 
of Q1 and Q2 are equal. Thus push-pull operation is obtained. 
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“STABLE” 400 CYCLE DRIVER 
Figure 14.9 


In order to stabilize the driver gain for variations in temperature and interchange- 
ability of transistors, another transistor can be added to form a stage pair with Q1 as 
shown in Figure 14.9. The gain of the driver is then very stable and is given approxi- 
mately by 


do 2, —ico Re (14n) 


OUTPUT STAGE 

The output stages for servo amplifiers can be grounded emitter, grounded collector 
or grounded base. Output transformers are generally not required because most servo 
motors can be supplied with split control phase windings. Feedback of the motor con- 
trol phase voltage to the driver or preamplifier is very difficult if transformer coupling 
is used between the driver and output stages. If a high loop gain is desired, the motor 
and transformer phase shifts make stabilization of the amplifier very difficult. One 
technique which can be used to stabilize the output stage gain is to use a grounded 
emitter configuration where small resistors are added in series with the emitter 
and the feedback is derived from these resistors, The motor time constants are thus 
eliminated and stabilization of the amplifier becomes more practical. 

A second technique which results in a stable output stage gain and does not require 
matched transistor characteristics is the emitter follower (common collector) push-pull 
amplifier as shown in Figure 14.10. Also it offers the advantage of a low impedance 
drive to the motor. A forward bias voltage of about 1.4 volts is developed across D1 
and D2, and this bias on the output transistors gives approximately 20 ma of no signal 
current. At lower levels of current the cross-over distortion increases and the current 
gain of the 2N2202 decreases. D3 and D4 protect the 2N656A’s from the inductive 
load generated voltages that exceed the emitter-base breakdown. The efficiency of this 
circuit exceeds 60% with a filtered DC voltage supply and can be increased further 
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Figure 14.10 


by using an unfiltered rectified ac supply. This unfiltered supply results in lower 
operating junction temperatures for the 2N2202’s, and in turn permits operation at a 
higher ambient temperature. The maximum ambient operating temperature varies 
with the power requirements of the servo motor and the type of heat radiator used 
with the 2N2202. It is practical to attain operation in ambients to 125°C. 


Another technique which results in a stable output amplifier gain over wide am- 
bient temperature extremes and which is compatible with low gain transistors is shown 
in Figure 14.11. In this case, a grounded base configuration and a split control phase 
motor winding are used. The driver is coupled to the output stage by means of a step- 
down transformer, and the current gain occurs in the transformer since the current 
gain of the transistors is less than one. The current gain is 2aNp:i/Ns: if the drivers 
are operated Class A such as shown in Figures 14.8 or 14.9. The negative unfiltered de 
supply and diode D1 are used to operate the transistor Class AB and eliminate cross- 
over distortion. As the signal increases the diode D1 becomes conductive and shunts 
the bias supply. The operation of the output stage thus goes from Class A to Class B. 


An unfiltered de is used for the collector supply to reduce transistor dissipation. 
If saturation resistance and leakage currents are neglected, 100% efficiency is possible 


pat a load conditions with an unfiltered supply. The transistor dissipation is 
given by 


p~ Fe [a—et(1+)] +h (140) 
4Ru Ru 

where Px is the dissipation due to leakage current during the half-cycle when the 
transistor is turned off, a is the fraction of maximum signal present and varies from 
0 to 1, R, is the saturation resistance, Rx is the load resistance, and Ecmu is the peak 
value of the unfiltered collector supply voltage. If Px is negligible and Rs/Ru << 1, 
then maximum dissipation occurs at a = 1/2 or when the signal is at 50% of its maxi- 
mum. Thus for amplifiers which are used for position servos, the signal under steady- 
state conditions is either zero or maximum which are the points of least dissipation. 
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GROUNDED BASE SERVO OUTPUT STAGE 
Figure 14.11 


The peak current which each transistor must supply in Figure 14.11 is given by 


: 2w 
Soe 14 
i Eou (14p) 


| where W is the required control phase power. The transistor dissipation can then be 
written in terms of the control phase power 


| p= Wl a—a (1+) ] +2 (14q) 
The driver must be capable of supplying a peak current of 
im Ns 
eee 14 
a ( Nei ) ( ) 


where a is the grounded base current gain of the output transistor. 


Figure 14.12 shows a complete servo amplifier capable of driving a 3 watt servo 
motor in an ambient of —55 to 125°C (if capacitors capable of operation to 125°C are 
used). The gain can be adjusted from 20,000 to 80,000 amperes/ampere by adjusting 
Rr in the driver circuit. The variation of gain for typical servo amplifiers of this design 
is less than 10% from —55 to 25°C, and the variation in gain from 25 to 125°C is 
within measurement error. The variation in gain at low temperature can be reduced if 
solid tantalum capacitors are used instead of wet tantalum capacitors. The reason is 
that the effective series resistance of wet tantalum capacitors increases quite rapidly 
at low temperatures thus changing the amount of preamplifier and driver feedback. 
The effective series resistance of solid tantalum capacitors is quite constant with tem- 
perature. Many 85°C solid tantalum capacitors can be operated at 125°C if they are 
derated in voltage. 
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JUNCTION TRANSISTOR CHOPPERS 


Transistor choppers are used in the amplification of low level d.c. signals, as well 
as in the conversion of d.c. signals to a synchronous a.c. voltage for driving the control 
phase of two phase servo motors. The chopper converts the d.c. signal to a synchronous 
a.c. voltage whose magnitude is proportional to that of the d.c. signal, and whose phase 
relationship to the reference a.c, voltage is either zero or 180°, depending upon the 
polarity of the d.c. voltage. This can best be seen by referring to Figure 14.13(A). The 
chopper contacts close during the positive half cycle of the a.c. reference and open 
during the negative half cycle. With the switch in position 1, the positive voltage Es is 
tied to the resistor R as shown in Figure 14.13(B) during the positive half cycle of the 
reference. During the negative half cycle of the reference, the chopper contacts are 
open and the voltage across R is zero. The capacitor removes the d.c. level such that eo 
is now an a.c. square wave which in phase with the reference a.c. If the switch is in 
position 2, the negative voltage E, is applied to R during the positive half cycle of the 
reference voltage, and as can be seen in Figure 14.13(C), the output is 180° out of 
phase with the reference a.c. 


CHOPPER c 
CONTACTS 


SWITCH 


A.C. SWITCHING 
VOLTAGE 


(A) 


REFERENCE * + 
Ac oY MX fr—oYoy 
+, — 
[ee ee ae ee Ly eee ae 
eel — J 
+2 4 
é =e 
ny) ate fees a 
O-72 


WAVE FORMS FOR WAVE FORMS FOR 
SWITCH IN POSITION | SWITCH IN POSITION 2 
(B) (c) 


HALF-WAVE CHOPPER 
Figure 14.13 


Figure 14.14 shows a single transistor replacing the mechanical chopper. When the 
base voltage is made positive with respect to the collector (NPN transistor), the tran- 
sistor behaves as a closed switch, and the d.c. input voltage is connected to R. During 
the half cycle of the reference voltage when the base is made negative with the supply, 
the transistor behaves as an open switch, and the voltage across R is zero. However, 
the transistor is not a perfect switch, and an error voltage and current are respectively 
superimposed on the d.c. source. During the half cycle that the switch is closed, the 
error voltage introduced by the transistor is 


Vic = .026 In aN + Is Re’ (14s) 
where an is the normal alpha as defined in Chapter 5, and R.’ is the collector bulk or 
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Q c 


AC. 
REFERENCE 


Q,=G.E. 2N2193 
OR 2N2195 


E,_=5 VOLTS PEAK 
SINE OR SQUARE WAVE. 


SIMPLE SERIES TRANSISTOR CHOPPER 
Figure 14.14 


body resistance. The error current which is introduced when the transistor is an open 
switch is 
i Icso a1 (1 — ax) (14t) 
an (1 — ay ai) 


where a: is the inverse alpha and Icso the leakage current as defined in Chapter 5. 


The error voltage introduced by the transistor during the “on” half cycle can be 
minimized by using two transistors whose offset voltages cancel one another as shown 
in Figure 14.15. The transistors must not only be matched at room temperature but 
must track over the required ambient temperature extremes. This is no problem with 
the G-E 2N2356 planar epitaxial transistor where two transistor pellets are both 
mounted in the same TO-5 package. Initial offset voltage matches of 50 microvolts or 
less, and drifts of less than +100 microvolts over an ambient of —55 to 125°C are 
easily obtainable. For the G-E 2N2356A the maximum offset between —55°C and 
125°C is 50uv. For many applications the drift due to leakage current can be eliminated 
by using diode D, and resistor Ra to prevent the collector-base junctions from being 
reverse biased. This will eliminate any leakage current due to the base drive from 
flowing in the load. As will be shown below, the emitter-collector impedance will still 
be quite high. 


T 


AC 
REFERENCE 


Dd 


NOTE: 
1, Qiq Qig —GE 2N2356 OR 2N2356A (TWO MATCHED TRANSISTORS 
IN ONE TO—5 PACKAGE) 


2. ELECTROSTATIC SHIELDING BETWEEN PRIMARY AND SECONDARY 
WINDINGS OF TRANSFORMER T MAY BE REQUIRED. 
3. Rg=lOK, Eg=!0 VOLT PEAK (SINE OR SQUARE WAVE ). 


AN IMPROVED SERIES TRANSISTOR CHOPPER 
Figure 14.15 
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SHIELD ~] 
AC REFERENCE 


Q) = Q2=GE 2N2193, 2N2I95 OR 2NI279 OR 2N2356, 2N2356A. —— 


NOTES: 
1. Rg =10K 
2.£, = 7.5V PEAK SINE OR SQUARE WAVE FOR 
2N2I93, 2N2I94 OR 2N2356. 
3.E, =I.5V PEAK SQUARE WAVE FOR 2NI279 


SERIES-SHUNT CHOPPER 
Figure 14.16 


A chopper configuration“: which can be used to advantage for a low source 
impedance input is shown in Figure 14.16. During the half cycle when Q; is “on,” Qz 
is turned “off” because its collector-base junction is reverse biased, and R is tied to the 
d.c. input. On the next half cycle when Q, is turned “off,” Q: is turned “on,” shorting R. 
The leakage current due to Q; does not flow through R during this half cycle since Q: 
essentially short circuits R. During the alternate half cycle when Q: is turned “off,” its 
leakage current will flow primarily through Q; (its turned “on”) and the input circuit 
if R is made much larger than the source impedance. Thus, the drift due to leakage 
current is minimized. In addition, the offset voltages of the two transistors effectively 
cancel, even though they occur on separate half cycles. The reason for this is that they 
form a d.c. voltage which is not chopped and which is not passed by the capacitor, C. 
An advantage this circuit has over the chopper circuits discussed above is that it is less 
sensitive to noise pickup because the load always looks back into a low impedance. 

Figure 14.17 shows a transistor chopper used for high source impedance applica- 
tions or those where the d.c. input cannot be loaded. Although R, is shown as part of 
the chopper circuit, it can be the d.c. source impedance. 


D2 IN3604 


NOTES: 
1, Rg CAN BE SOURCE IMPEDANCE OF 50K TO SEVERAL MEGOHMS. 
2.E, =10 VOLT PEAK SINE WAVE FOR GE 2N2I95, Rg=lOK 
3. Eg =I0 VOLT PEAK SQUARE WAVE FOR GE 2NI279, R,=IO0K 
4 Q, =GE 2N2I95 OR 2NI279 


SHUNT CHOPPER FOR HIGH IMPEDANCE SOURCES 
Figure 14.17 
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Operation of this chopper is basically one of shorting node A to ground each half 
cycle when the base of the transistor is made positive with respect to ground (the 
collector), A zeroing adjustment for removing the transistor’s offset voltage is pro- 
vided by D,, Re, and Rs which causes a current to flow during the half cycle from 
collector to emitter [see equation (5g) in Chapter 5]. In some applications where the 
2N2195 is used, the offset voltage is small enough (less than a millivolt) so that the 
balance network can be eliminated. 


On the half cycle of the supply which would normally reverse bias the collector- 
base junction of Q, the diode D, prevents this from occurring. The collector-base poten- 
tial is then zero; however, Chaplin and Owens have shown that the emitter-collector 
impedance is given by 


0.026 


CBO 


Tec = (l + ax/ar —2 ax) (14u) 
Thus the dynamic impedance is approximately 26 mv. divided by the Icso. For silicon 
transistors (even at high temperatures) this impedance can be made larger than the 
load impedance so that the current at node A due to the input d.c. voltage flows into 
the load during this half cycle. The maximum value of the load is then determined by 
the minimum value of ro. obtained from equation (14u). Also, any drifts which normally 
would have been caused by the transistor leakage currents have been eliminated. 


For the condition that rec>>Rz, the peak to peak load current is given by 


2 Ep.c. | 
eee 14 
p-P R, +2Rz (14v) 
The equivalent input current drift due to drift in transistor offset voltage (AV) is 
shown to be 


AV 
R 


for R,>>Rx (14w) 

A second component of the chopper drift is due to transient current spikes which 
occur when the transistor switches “on” and “off.” The net area (charge) of the tran- 
sients develops a potential on the capacitor C which, to the circuit, appears as an input 
signal. In order to zero the output, a d.c. input current (integrated over one-half cycle) 
must be provided. 


Temperature drift tests made using 2N2195’s and 2N1279’s show that with the 
entire chopper of Figure 14.17 exposed to temperature, the required d.c. input neces- 
sary to zero the output is less than 10™* amperes from —55 to 125°C. This is equivalent 
to 1 mv of drift referred to the input for R, = 100 K. 
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TRANSISTOR MEASUREMENTS 


CHAPTER 


INTRODUCTION 


Accurate measurements demand a thorough knowledge of measurement principles 
and pitfalls. To simplify these measurements, such that they are non-discretionary 
go-no go types, requires in addition, prior information about the device characteristics 
and their probable distribution. Transistor measurements in particular, due to the 
extreme power sensitivity of signal transistors and the active amplifier nature of the 
device, impose great demands on the skill and ingenuity of the test-equipment 
designer. 


To obtain precision and accuracy in transistor measurements, not only must the 
definition, meaning, and limits of each test be considered (as well as the actual meas- 
urement methods), but attention must also be given to the effect of the measurement 
upon the device. To illustrate: the transistor is a non-linear device and under normal 
D.C. bias conditions the Emitter-Base voltage drop in a Germanium transistor is about 
250 millivolts. If linear (small-signal) measurements are to be made, it becomes 
obvious that the rapid curvature of the forward-biased diode characteristic precludes 
the usual “one order of magnitude less” argument normally applied to signal/bias 
relationships for small-signal measurements and demands even smaller peak-to-peak 
signal excursions. 


In addition, the transistor is a current amplifier and the effect of the input signal 
on the output current must be considered. Thus, prior knowledge of probable input 
impedance and device current gain becomes necessary. For example, assuming an 
ideal transistor at low frequency and neglecting parasitics, in measuring hie 


h. == and hre = at 
lb Ip 
C= OU ee = 0 
then, 
ip = andi, —he is 
le 
. . Te 
from the theory (see any basic transistor text) hie = ea) = hre Fe 
i io atts) hat ic = Ee 3 
(since f pecigone: so that i “a 
kT , : , 
also, fe. = Gi (see any basic transistor text) where k = Boltzmann’s Constant, 
E 


T= temperature in degrees Kelvin, and q is the charge of the electron. Now, 


xr = 26 x 10° volts at room temperature; and, assuming 


tc = ie (within 10% ) 


26 x 10° 
Ic ‘ 


tr = 


ie is very much less than Ic, (say ie = .1 Ic) for small signal measurements. 
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Then, 


¥ ep €v Ic 
fo = OL Te =. = 36 x 10 


or, 


ae = 0.1 Io whence e, < 26 X 10~ 


so that the maximum signal swing, ev, should be in the order of 2.5 millivolts and is 
largely independent of gain or collector current. 


However, when the transistor is driven from a current source it is seen that since 


€b max = in max hie, then ip max = so 
or, 
yn Cp max _ 25 x 10* ; 
hee re lite max X Nt al 
Ic 
whence, 
Ic 


Nem = 795, a. 


Here a knowledge of the probable range of hre expected is quite important. Thus, 
depending upon whether a current source or a voltage source is used in small signal 
measurements, care must be exercised to insure that small signal conditions truly exist. 


REVERSE DIODE CHARACTERISTICS 


General 


Ico or Ino are the leakage currents within the safe operating region of reverse 
voltage and are intended to yield comparative, evaluative information as to permissible 
operation, surface condition and temperature effects on operation. 


The breakdown voltage tests are indicative of the maximum voltage that can be 
applied to the device and serve to indicate the voltage at which “avalanche-breakdown” 
and “thermal-runaway” take place. 


The curves of Figures 15.1 and 15.2 are arbitrary but representative ones for tran- 
sistors and are included to explain what some of the reverse diode characteristic tests 
mean, and the points at which they are taken. In Figure 15.1, the collector to base 
reverse voltage of a transistor versus the leakage current is displayed; the points of 
interest are point A, the leakage current (Iczo in this case) at a specified collector to 
base junction voltage, and point B, the breakdown voltage (BVcso in this case) at a 
specified leakage current. Figure 15.2 illustrates some points which must be considered 
when accurate breakdown voltage measurements are desired. The two transistors 
shown have different reverse voltage characteristics. The load line of the measuring 
instrument which is to approximate a constant current source may give slightly or 
grossly erroneous readings if care is not exercised in measurement technique. The true 
values of breakdown voltage are shown at points A. The slightly erroneous readings 
are at points B on the two characteristic curves while the grossly erroneous data is at 
points C. 
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REPRESENTATIVE COLLECTOR-BASE JUNCTION REVERSE CHARACTERISTICS 
Figure 15.1 


COMPARISON OF MEASUREMENTS ON TWO TRANSISTORS SHOWING ERRORS THAT MAY 
ARISE DUE TO TECHNIQUE~i.e., LOAD LINE CONSTANT CURRENT APPROXIMATION IS POOR 
AND DOES NOT MEASURE DEVICE AT SPECIFIED CURRENT 
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Toso 
TRUE CONSTANT CURRENT LOAD LINE 


LOAD LINE 
CONSTANT CURRENT 
APPROXIMATIONS 


Vog REVERSE VOLTAGE 


BVcno MEASUREMENT TECHNIQUES 
Figure 15.2 


D.C. TESTS 


The following abstracts include the definitions of particular tests and the associated 
simplified circuits. The current measuring (Icso, Inno, etc.) circuits are discussed in 
more detail in the next section. 
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1. Icso, commonly called Ico, is the de collector current which flows when a speci- 


fied voltage, Vczo, is applied from collector to base, the emitter being left open 
(unconnected). The polarity of the applied voltage is such that the collector- 
base junction is biased in a reverse direction. (Collector is negative with respect 
to the base for a PNP transistor.) 


Icsno MEASUREMENT 
Figure 15.3 


Ico is greatly dependent on temperature and in some instances, transistors 

must be handled with gloves to prevent heating the transistor by contact with 
the operator’s hand. 
Inno, commonly called Ino, is the de current which flows when a specified 
voltage is applied from emitter to base, the collector being left open (uncon- 
nected). The polarity of the applied voltage is such that the emitter-base 
junction is biased in a reverse direction. (Emitter is negative with respect to the 
base for a PNP transistor). Ino also is greatly dependent on the temperature and 
the same precautions apply as for Ico determination. 


OT bs 


liso MEASUREMENT 
Figure 15.4 


Icro is the de collector current which flows when a specified voltage is applied 
from collector to emitter, the base being left open (unconnected). The polarity 
of the applied voltage is such that the collector-base junction is biased in a 
reverse direction. (Collector is negative with respect to the emitter for a PNP 
transistor.) Iceo is greatly dependent on temperature and the operator should 
use gloves when handling transistor before measuring. 


lozo MEASUREMENT 
Figure 15.5 
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6. 
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Ices is the de collector current which flows when a specified voltage is applied 
from collector to emitter, the base being shorted to the emitter. The polarity 
of the applied voltage is such that the collector-base junction is biased in a 
reverse direction. (Collector is negative with respect to the emitter for a PNP 


transistor.) 


\y 


Ices MEASUREMENT 
Figure 15.6 


Iecs is the de emitter current which flows when a specified voltage is applied 
from emitter to collector, the base being shorted to the collector. The polarity 
of the applied voltage is such that the emitter-base junction is biased in a 
reverse direction. (Emitter is negative with respect to the collector for a PNP 
transistor.) 


lecs MEASUREMENT 
Figure 15.7 


BVcr Tests—BVcro, BVcer, BVcrs, BVcev 


A BVce test is a measurement of the breakdown voltage of a transistor in 
the common emitter configuration. For the measurement to be meaningful, a 
collector current must be specified. 
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CIRCUIT 


4] 
1 
| 
CONSTANT — CURRENT | 
GENERATOR | 

| 

J 


Figure 15.8 
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In measuring BVce breakdown voltages, a constant value of collector 
current, Ic, is caused to flow in the reverse direction (collector is negative with 
respect to the emitter for a PNP transistor) and the collector to emitter voltage, 
Vcr, is read on the meter. This voltage reading is the BVce breakdown voltage 
required. 


In addition to a collector current specification, the condition of the base 
lead must be specified. 


a. BVcxo is the common emitter breakdown voltage (for a specified collector 
current, Ic) when the base is left open (unconnected). 


b. BVcer is the common emitter breakdown voltage (for a specified collector 
current, Ic) when a resistor of a specified value, R, is connected from the 
base to the emitter. 


c. BVcrs is the common emitter breakdown voltage (for a specified collector 
current, Ic) when the base is shorted to the emitter. 


d. BVcry is the common emitter breakdown voltage (for a specified collector 
current, Ic) when the base is biased with a voltage with respect to the 
emitter. 


e. BVcex is the common emitter breakdown voltage (for a specified collector 
current, Ic) when the base is terminated through a specified circuit to the 
emitter. 


It should be strongly emphasized that BVcr, by itself, is meaningless 
unless (1) a collector current is specified, (2) the condition of the base lead is 
specified (by the use of a third subscript), (3) and, if the measurement is for 
BVcer or BVcerv, a definite resistor, R, or a definite voltage, V, are specified, 
or for BVcex a definite circuit is specified. 


7. BVczo is a measurement of the breakdown of the collector-base junction with 
the emitter open. A collector current, Ic, must be specified. 


ies a et ee 8 
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BVcso MEASUREMENT 
Figure 15.9 


The emitter is left open (unconnected) as specified by the third subscript. 
A collector current, Ic, is caused to flow through the collector-base junction 
and the voltage drop Vce is the breakdown voltage, BVcno. Polarity is such 
that the collector-base junction is biased in a reverse direction (collector is 
negative with respect to the base for a PNP transistor). 
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8. Vr (reach through). Reach through voltage is that voltage which, when ap- 
plied from the collector to base, causes the collector space charge layer to 
expand into the emitter junction. 


SIMPLE GO-NO GO Virr MEASUREMENT 
Figure 15.10 


In Figure 15.10, if, when switch “S” is closed, Ic does not increase, the 
punch through voltage is greater than Vcc. Punch through may also be meas- 
ured by the use of the circuit shown in Figure 15.11. 


VTVM 
INPUT 
R>lO MEG 


ALTERNATE GO-NO GO Vax MEASUREMENT 
Figure 15.11 


If Vex is less than 1 volt, then Var > (Vec —1) volts. 


The above Ver tests are go-no go in character. By making Vcc variable 
actual values may be determined; for example, in the circuit shown in Figure 
15.12 one can adjust Vcc until the VTVM reads 1.0 volt, then Vrr equals 
Vcr —1 volts. 


VTVM 
INPUT 
R>l0 MEG 


Ver MEASUREMENT 
Figure 15.12 
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CURRENT MEASUREMENTS 


1. General 


In this section the elaboration of the basic circuit into actual test equipment 
(both qualitative and quantitative) is delineated. The necessity of saving time 
in measurement is considered of importance; and means that constant voltage 
and constant current techniques will be used. (Constant within the accuracy 
requirements desired.) 


Certain problems arise concommitant with constancy. A voltage source, by 
definition, makes it difficult to limit the current through the ammeter in the 
event of device failure; and current sources have large open-circuit voltages prior 
to test, which can be damaging to the operator; and, due to circuit capacity, if 
the device has an extremely short thermal time constant, the unit under test 
may be damaged from the large instantaneous currents that can flow. 


For the above reasons voltage and current “clamps” are resorted to in 
order to have the required constancy and are discussed, with their limitations, 
in conjunction with each class of test. 


2. Clamp Circuits 


VOLTAGE 
SUPPLY 
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In the circuits shown in Figures 15.13 through 15.16, the measurement of 
Ico is accomplished. In Figure 15.13, the basic form of the circuit is shown. 
There is some error in this simple arrangement in establishing the test voltage 
conditions since there is a small voltage drop across the meter. Also, if a unit 
is shorted or has an excessively high leakage current, the microammeter may 
be damaged. For meter protection the circuit of Figure 15.14 is used. The 
diode used here is a large area diode which has a reverse leakage current 
greater than that which is intended to be measured. If a 1NQ1 is used the 
maximum leakage current which could be measured would be approximately 
10 ua since this is the maximum reverse current which the 1N91 will conduct 
when a small reverse voltage is impressed across it. To avoid this current 
limitation and still protect the microammeter the circuit shown in Figure 15.15 
is used. This circuit is basically a form of bridge so that if the drop through 
the limiting resistor is not enough to bring the reference point (the collector) 
below the clamp voltage, current flows through the diode and the voltage 
at the reference is that of the clamp supply less the forward drop in the diode. 


VOLTAGE 
SUPPLY 


BASIC Iczo lcno CIRCUIT WITH 
CIRCUIT METER PROTECTION 


Figure 15.13 Figure 15.14 


When the drop through the limiting resistor exceeds the allowed value, the 
current through the diode tries to reverse; thereupon, the diode becomes 
back biased and the reference point is driven by a current source, where 


Vuverectrey 


Tinie = (which is considered a fault condition, but meter protection 


Rreterence 


is accomplished by this current limiting). 


Since the current under fault conditions is greater than the desired limit 
(and it is desired to keep the overload on the ammeter as small as possible) it is 
desirable to make the protection voltage much larger than the clamp voltage; 
preferably 10 times larger. The reverse current of the clamp diode at the clamp 
voltage must be considered, for it adds to the meter overload, and must have 
a breakdown voltage much greater than the clamp supply. When the currents 
that are being measured are appreciable (in the order of milliamps) the addi- 
tional currents flowing through the reference (clamp) supply must be considered. 
Thus if 1 MA is the limiting current allowed, the clamp bleeder should carry 
much greater currents (>10 MA) so that the clamp voltage does not change. 
Where the test voltage is fairly low the drop through the ammeter or reading 
resistor must be considered for this subtracts from the supply to the tested 
device. 


The go-no go test equipment of Figure 15.16 is designed to indicate only 
that the device possesses specified, or better, characteristics. Generally this type 
of equipment is designed individually for each requirement and has only 
limited flexibility. 


From the Figure 15.16 circuit go-no go BVcro tests can be made by using 
a current source whose value is that at which BVoxo is defined. In this case the 
Vcr voltmeter will indicate that the voltage is less than (Icno is excessive), equal 
to, or greater than the required test BVcro voltage (Icno is less than the allowed 
current limit). The current for the voltmeter must be considered, and _ its 
accuracy at the limit point (Vr) must be checked to put the reject-line on the 
meter at the correct point. Once this has been done the readings are as 
accurate as the initial calibration and the stability of the power supply. To 
prevent overloading the voltmeter and to avoid the large open-circuit voltages 
at the test point, the current source is often voltage-clamped where the desired 
test voltage is less than that of the clamp. When this is done the circuit bears 
a close resemblance to the Icso test circuit of Figure 15.16. 
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LARGE-SIGNAL (DC) TRANSISTOR CHARACTERISTICS 


The large-signal transistor characteristics may be divided into two categories with 
the line of demarcation being the difference between high-frequency pulse response 
and the DC parameters useful in control-circuit and some computer applications. The 
pulse response characteristics are discussed in a later section. 


In the following curves Figures 15.17 and 15.18, the significant points of interest 
are described on the transistor family of curves where Ic vs. Vcr is plotted for various 
In values. 
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LARGE SIGNAL DEFINITIONS AND BASIC TEST CIRCUITS 


1. hrg is the static value of the forward transfer current gain in the common 


emitter configuration and is measured as shown in Figure 15.19. It is the DC 
Ic 


collector current, Ic, divided by the DC base current, Is; hrs = jy 
B 


ee Beit 


PROTECTION 
(er) RESISTOR 
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hry MEASUREMENT 
Figure 15.19 
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The collector voltage, Vcx, and the collector current, Ic, must be specified. A 
Be gn Go-No Go test for hre may be used, as shown in Figure 15.20. 
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Ie DISSIPATION CURVE. required for an hrr of the required value, Ic is adjusted to the specified value: 
as” 
MAX POWER ” —~ hee 
N “ ue ty If Vce as read on the meter is less than that given in the test specifications, 
~~. then the hrx for the transistor is greater than that required. If Vcr is greater 
than the value specified, then hrs is less than the required value. 
ee 2. Vex «sar is the voltage from collector to the emitter, Vcx, for a given Ic and In 
while biased in the collector saturation region. The test is very similar to that 
lc ara) STEADY STATE for hrs in Figure 15.20. Ic and Is are adjusted to their specified values and Vcr 
Figure 15.18 as read on the meter connected from collector to emitter is Vor «sat. 
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Var is a measurement of the base to emitter voltage, Var, when in the common 
emitter configuration and biased according to instructions given in the test 
specifications. A circuit similar to Figure 15.20 for hrs may be used with the 


addition of a voltmeter (VTVM) between base and emitter. 


: V; A 
hm is the equivalent (slope intercept) resistance equal to i . This test 


is generally made at a specific Is which is sufficient to saturate the device 
when it is driven by a specified Ic. This information finds maximum applica- 
bility in switching and computer applications. 


his is equivalent to hiz except with the transistor operated in a grounded-base 

configuration. This resistance is an indication of the forward drop in the 

emitter, and finds application in some power transistor considerations, in bias 
requirements for some small-signal transistors, and in some regulated power 
supply applications. 

Icmax must be considered for two different applications, 

a. Steady state—Ic max. is determined by the intercept of the curve of the 
“Knees” of the collector saturation points with the maximum allowable 
power dissipation curve. 

b. The second consideration of Ic max. involves the duty-cycle of the on 
times for switching applications and is dependent on the duty cycle of 
the circuit being used. 
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Figure 15.21 


SOME TEST CIRCUITS 


Methods of test and equipment for almost all parameters may be divided into 


two basic categories: (a) quantitative and evaluative equipment for engineering, 
and (b) Go-No Go equipment for use when the limits of allowed variance of a 
particular parameter have been determined and specified. The equipment required 
for the engineering measurements of DC parameters consist primarily of precise power 
(current and voltage) supplies, and reliable and precise (as well as often very sensitive) 
voltmeters and ammeters. The following section will be devoted to both quantitative 
and Go-No Go equipments and circuits in use. 
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1. hrs measurement is accomplished in the circuit of Figure 15.22. The potenti- 


ometers are adjusted in the base and collector circuits to establish the proper 
measurement conditions; namely, since hrr is a function of both Vcr and Ie, 
these two quantities must be specified. When the desired Ic and Vcr conditions 


are established the hrs can be determined. As has been stated hrr — te’ ; thus 
B 


I 
two current reading resistors, Ri and Rs, are inserted into the base and collector 
circuitry respectively. R: is made very much smaller than Rs, and Re is made 
very much smaller than Rc. Using a Helipot, Rs, whose resistance is much 
larger than R:, the voltage drops across R: and R: can be compared. When Ri is 
equal to Rs, for example, and a null is established on the VTVM when the 
1000 
~20- 
or 50. If R: = 10 Rz, a greater range of the Helipot can be used and, in the ex- 
ample above, a null would be established at two hundred thousandths (70% 

on the Helipot indicating hrr =a x 10 = 50. On the physical test 


Helipot reads twenty thousandths (3505) of full scale then the hrr = 


equipment the Helipot could be calibrated in hrx for direct reading. 


NOTE: IN ALL OF THE hee AND V TEST CIRCUITS, IT MAY BE 
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QUANTITATIVE hrs MEASUREMENT 
Figure 15.22 


2. hre Go-No Go equipment is normally built using a constant collector current 


and classifying hry according to required base current as shown in Figure 15.23. 
When the desired Vcr and Ic measurement conditions are known, a circuit can 
be built as shown to classify the devices. If Vc reads below the specified 
measurement condition, the hrs is greater than that established by the fixed 
resistors and supplies; if the Vcr reads higher than that established as a 
measurement condition, the hrs is lower than that established by the circuit. 
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hr, CLASSIFIER 
Figure 15.23 


3. The Vor «sat) measurement, Figure 15.24, is often made by applying a speci- 
fied Ic to the transistor and increasing Is until an abrupt change in Ver indi- 
cates that the collector voltage has dropped below the knee of the collector 
curve; however, in specifications both Ic and Is are specified. Is is usually 
sufficient to saturate the device; and, in Go-No Go testing, noting that Vcr is 
below some specified voltage, or that it is within certain specified limits is 
normal procedure. The latter being of particular importance in computer 
applications where maximum and minimum Vcr «sar values are relied upon. 
Two circuits in which measurements can be performed are shown in 
Figure 15,24. 
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JUNCTION TEMPERATURE MEASUREMENTS 


JUNCTION TEMPERATURE (T;) 

The measurement of junction temperature, depends on one of two temperature- 
sensitive mechanisms inherent in the junction device. These are the exponential rise 
of the reverse diode saturation current, and forward diode voltage decrease with tem- 
perature. In most instances experience has shown that calculated theoretical changes 
of Ico and Vr are too gross (due to rather large “second-order” effects) to be sufficiently 
accurate indices of junction temperature; and the test device must, in fact, be calibrated. 
This requires that the unit be temperature cycled in an oven (allowing sufficient time 
for the device to stabilize at each temperature or using a large, high thermal- 
conductivity heat sink) and a plot of the desired index vs. temperature be made. Power 
is applied to the device in the forward direction, or through the application of bias 
current. This power is then momentarily switched off and the built-in thermometer 
checked by a suitably gated meter. The off time is either kept negligibly small when 
possible, or else considered in determining the average input power. 

Both the Ico and Vr methods are alike in having a large possible error due to the 
thermal response-time of the device. If the temperature at the junction declines 
rapidly, the resultant apparent value of T; will be lower and fall somewhere between 
the true T; and that of the thermal mass. 

The reverse-current method suffers the additional handicap of charge-storage in 
the junction when the forward current is reversed. This charge must be swept out by 
the reverse voltage before a true indication of Icno can be obtained, a race between 
charge and thermal decays results. In the large area device of relatively small effective 
lifetime, the error will probably not be large, but the current metering system must 
be gated to prevent the charge-decay currents from registering. No peak-reading 
detectors can be used; although if the charge decays rapidly enough compared to the 
measuring time, and T; is reasonably constant during this interval; an average reading 
metering system is sufficiently accurate, if suitably calibrated. 

In the case of the small-area, long lifetime device the problem is more difficult. 
The masking effect here precludes reverse measurements and only forward measure- 
ments are feasible; there are still storage problems, but switching presents the major 
difficulty. Fast-acting mercury relays are generally used to prevent contact bounce 
and carry the required currents without large contact drops. 

There are decided advantages to using forward voltage drop as the T; index from 
the point of view of the circuit requirements. Since the detector (meter) circuit is 
driven by a voltage source the system is less liable to pick up extraneous hum that 
can plague the reverse-current measurements. (Particularly when Icso is low, as in 
silicon devices, where the current reading resistor is necessarily large.) Unfortunately, 
however, the change of Vr is comparatively small and the “thermometer” is therefore 
relatively insensitive. This may require differential amplifier techniques in the detector 
circuit for precise measurements of T;. 


THERMAL IMPEDANCE 

Once a means of measuring T; has been developed, the measurement of thermal 
impedance is readily accomplished. The simplest means of measuring the case tem- 
perature — such as a thermocouple or large heat sink—may be used, and different 
powers are fed into the transistor while measuring T;. By defining thermal resistance as 
the input power required to raise T; to some arbitrary temperature, (say 70°C) and 
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measuring this power at different ambients, sink or case temperatures, we may write 
the following definition: 

if x watts = 70°C Ts from 25°C Tsink 

and y watts = 70°C Ts from 45°C Tyinx 
Then, 


45° - 25° 20s 
—————_ = — tt 
x-y watts x-y Set Wa f 


we can draw a derating curve through these intercepts as shown in Figure 15.25 
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Figure 15.25 
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TEST CIRCUIT FOR JUNCTION TEMPERATURE MEASUREMENTS 
1. Description of Operation: 
Under certain conditions, the forward drop of a semiconductor junction 
varies linearly with temperature. By setting up these conditions and using a 
test circuit similar to that of Figure 15.26, it is possible to determine the 
temperature of a transistor collector junction for various power dissipations in 
the transistor. 
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Figure 15.26 
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The circuit shown is one of several variations which can be used. K1 is a 
mercury relay (W. E. 275 B type) which interrupts the circuit in which the 
transistor is heated. K2 is another relay of the same type that puts the transistor 
in a temperature measuring circuit when it is not in the heating circuit. The 
relays operate at 60 cps. The transistor under test is heated for about 80% of 
the time and its forward drop (temperature) measured during the other 20%. 
If the scope were put directly on contact No. 3 of K2, the presentation would 
be similar to that shown in Figure 15.27. 
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OSCILLOSCOPE PATTERN 
Figure 15.27 


In this presentation, V+ is the forward drop of the collector junction while 
it is in the measuring circuit, and Vcr is the collector to base voltage while in 
the heating circuit. The scope vertical amplifier is normally set to the range 
that will best show the variations in V;:. Under this condition, Vcxn is of such 
magnitude that it would overdrive the scope and cause distortion of the Vr 
presentation. To prevent this situation, a clamp consisting of R4 and CR3, is 
inserted between the scope and contact No. 3 of K2. This minimizes the 
possibility of overdriving, but still allows the monitoring of Vr. Since V+ varies 
linearly with temperature, the changes in junction temperature can be deter- 
mined by measuring the changes in V+. 


Now, back to the conditions mentioned earlier. The first of these is that 
the measuring current (Ir) through the junction during the measurement must 
be held constant. This requirement is met by using a power supply (PS) with 
V = 100 volts and a high resistance (R1). 


Another condition is that Ir be set to such a value that dV;/dT will be a 
constant over a wide range of temperature T. Based primarily on calibration 
tests of several types of transistors, Ir should be adjusted to give a V+ ~ 500 mv 
at 27°C for silicon junctions and a V+ ~ 200 mv at 27°C for germanium junc- 
tions. This is accomplished by adjusting the value of Rl. Once the conditions 
are met, the final requirement is that the value of dV:/dT be known. 
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dV:/dT for different transistors can be determined by placing the units in 
an oven, adjusting Ir to the value specified in above paragraph and then 
measuring V; at different oven temperatures. Sufficient time must be allowed 
for the junction temperature to reach that of the oven as mentioned earlier. 
This would be the most accurate value of dV:/dT to use since it is deter- 
mined for each transistor on an individual basis. A more convenient, but less 
accurate method, would be to take the average value of several transistors of 
the same type. Here the accuracy of the value of dV:/dT would be dependent 
on the spread, but in general would be within the accuracy of the temperature 
measuring circuit described. 


. Procedure for Determining Junction Temperature 


a. Determine dV;+/dT for the transistor collector junction. 

b. With Vc = 0, and Iz = 0 connect transistor to terminals CBE of test circuit. 
Handle transistor in such a manner that its temperature is not raised above 
ambient (use gloves, etc.). Adjust R5 for time relationships shown in 
Figure 15.27. 

c. Adjust R1 for a reading of V; on the scope equal to 500 mv + (27° —T 
amb.) X dV;/dT. 


d. Set Vo and Ix to desired bias conditions. 


e. Note change in Vr. Tjune = Tam» + < ee 


3. Procedure for Determining Thermal Resistance from Junction to Ambient 


a. Determine junction temperature as above. 

b. Measure power input to the transistor to give this temperature rise. 
(Pin = Vow max. X Ip max. X duty cycle). 

c. Thermal Resistance from junction to ambient (94) is then computed, 


T ae T amptent 


eO,= 
ay Pin 


EXAMPLE: 
A 2N657 transistor (a silicon NPN mesa with pellet mounted directly 

on flat metal header) is calibrated in an oven with I; adjusted to give a 

Vi (Vos) of 500 mv at 27°C. The slope dV:/dT was found to be 2.50 

mv/°C. It was desired to find what power was required to raise the junction 

125°C above ambient and to determine the thermal resistance from junction 

to ambient at 149°C; room temperature = 24°C. 

1. The transistor was connected to the terminals provided on test set up. 
Ve = 0 and Iz = 0. 

2. R1 was adjusted to give a Ve of 500 + 3° (2.5 mv/°C) or 507 mv. 
(This took a resistance of nearly 20 megohms.) 

3. For the junction temperature to rise 125°C, the voltage Vr in step 2 
would have to drop by 313 mv (125 x 2.5). Ves supply was set at 25v. 
Iz was then increased slowly until V; dropped to (507 - 313) or 194 mv. 

4. The voltage from C to E read with a Weston analyzer was found to be 
20.0 volts. (This is an average voltage). The current in the emitter, 
read with a Weston analyzer in the emitter current lead, was found 
to be 33.3 ma. (Average value.) 
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Thus the power dissipated in the transistor was approximately equal to 


20.0 x 33 arate rd Picks Tay X Eav 
8 duty cycle 
5, Since O54 oe 3 Neal 
Pe 
149 — 24 


834 = .149°C/mw 


then oj = = 


4. Procedure for Determining Thermal Resistance from Junction to Sink 


The thermal resistance from junction to sink is a useful parameter for com- 
puting operating junction temperature of a sink mounted transistor from the 
input power and sink temperature. Junction to sink thermal resistance can be 
calculated using the same procedure as used for 93, with the exception that 
sink temperature is now used instead of ambient temperature. The heat sink 
will be more efficient if it is placed in contact with the surface on which the 
pellet is mounted. For instance, units which have the pellet mounted on the 
header (such as the 2N657) should have the heat sink placed in contact with 
the header, giving an excellent thermal path. The contact between the sink 
and the transistor header could be achieved by holding the unit tightly against 
a 2” x 2” x 5” piece of copper by a steel washer clamped down on the tran- 
sistor flange. Holes are only large enough so that the insulated transistor 
leads can pass through. Silicone grease is spread over all contact surfaces to 
provide a better thermal path between the transistor header and the copper. 
The sink temperature can now be measured by placing the thermocouple 
between the bottom of the copper fin and the nut as indicated in Figure 15.28 
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Figure 15.28 


Once case temperature is established, 93s can readily be obtained by using 
the same procedure as used to find ®5,. 
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SMALL SIGNAL MEASUREMENTS (AUDIO) OF TRANSISTOR 
PARAMETERS 


The two most familiar matrices (the Z and Y) proved to be difficult to apply to 
transistors in practice, for driving the collector of a transistor with a current, in 
measuring Z2:,, required large source impedances; and driving the input to the 
transistor with a voltage source, as in measuring Yue, could produce large errors due 
to the current sensitivity of the device. (Base currents when multiplied by hr. could 
cause current clipping in the collector.) 

To overcome these disadvantages the h or hybrid matrix was proposed and became 
commonly used. The device characteristics that make the h matrix most useful at audio 
and low R.F. frequencies change appreciably as the frequency is increased. Above 
30 MCS the terminal requirements become increasingly difficult to obtain; measure- 
ments at these higher frequencies will be discussed in next section, (High Frequency 
Small Signal Measurements of Transistor Parameters). 

Consider the terminal requirements of the h matrix, and how they may be 
obtained in practice. The matrix is described as follows: 

hu = e:/i: when e2 = 0 (Input impedance, short circuit output) 

hy» = e:/e2 when i, = 0 (Reverse voltage ratio, open circuit input) 
he: = ie/i: when e2 = 0 (Forward current gain, short circuit output) 
hee = ie/ez: when i: = 0 (Output admittance, open circuit input) 

These matrix quantities are defined for either common base, common emitter or 
common collector configuration. Originally 270 cps was the audio frequency used in 
parameter determination, but today 1 Ke is used more frequently although both are 
still common. 

In establishing the correct a.c. conditions several considerations are of importance. 
In establishing these conditions, the desired percentage of accuracy will be used as 
the factor which will determine how well the ideal measurement conditions are 
realized. 1/(Desired Percentage of Accuracy) will be called (DPA)”; thus, if the 


desired accuracy is 5% then ae= 20 or (DPA)* = 20. The following notes on each 


measurement show where errors may be introduced and indicate what conditions must 
be established for measurements to be of desired accuracy. 
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For desired accuracy, 
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f= 


Ru 
For the desired accuracy use the same considerations as for hi, and, 


oo a>> had tia 
L 


(Rx is normally less than or equal to 1002 average) 
oe hig 


es -1 
Z+% = (DPA)* Ru 
ig <<Ic 
4, Top (he) ho = 9 sig = Ps since ie is small. 
& 


SHIELD 


ho» MEASUREMENT 
Figure 15.32 


For the desired accuracy use the same considerations as for hy» and, 

eg hop MIN Ru > > Cnoise 

Z,>> ;—— = (DPA)* Ry 

ob MIN 
[Icno + (1 + hrs) In] Ru <<Vee 
QwL = (DPA)”* Rx at measuring frequency 
To satisfy some of the above Rr requirements and yet have Zz large enough 

to have sufficient sensitivity; a parallel resonant circuit of low series R is 
bridged across Ri to reduce the D.C. drop. 


COMMON EMITTER CONFIGURATION 

When considering practical measurements of grounded emitter parameters it is 
also necessary to consider the D.C. bias requirements. It immediately becomes 
apparent that each transistor will require base bias adjustments to obtain specified 
base conditions. Since it would be preferable to avoid this time consuming operation 
and particularly so when many units must be measured, a Quasi grounded emitter 
circuit is used. Through the use of high Q, parallel resonant circuits, the device sees 
a grounded base bias supply and an A.C. grounded-emitter configuration. Of course 
this technique is applicable to fixed-frequency measurements only. It is also necessary 
to consider the current multiplication of input measuring currents appearing in the 
collector circuit. To maintain small signal requirements steps are taken to insure that 
these collector signal currents will be much less than the D.C. bias currents. (See 
Introduction, to this chapter.) 

Te hie (Bite) hie = = 
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Coils used are high Q toroids in which D.C. saturation must be considered 
when certain bias conditions are used. 


For the desired accuracy, 


Ts Ri C<Vece 
Zy Zp Zg 
Zy Zz + Zv Ze + Zp 


1 , 
oC, <<r- at specified Ip 


= (DPA) hte wax 
Zz 


where re = uo = 26 2 at In = 1 ma (see Introduction this chapter) 
E 


wC.> = | 
Cnoise <<hie min ig 


The press-to-read switch is incorporated to prevent charging C: to Vr 
when no transistor is in the socket. Otherwise, the discharge of the capacitor 
may destroy a unit as it is inserted into the socket for test. 
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C., Ce, and R; are the same as for hie 


For desired accuracy, 
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hre MEASUREMENT 
Figure 15.35 


For the desired accuracy, use the same considerations as for hie and, 
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ho. MEASUREMENT 
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Ze, Ri, Re, Ci, and C2 same as for hye 
For the desired accuracy, 

Zp>> hee max (Re + Rx) 

Cnoise <oxhss MIN Ri eg 

es <<Vec 


COMMON COLLECTOR CONFIGURATION 


Common Collector Parameters may be calculated from measurements of common 
base and common emitter. Notice that the two parameters not identical to those in 
common emitter configuration are in one case almost equal to hre and in the other 
almost equal to 1. 

t; hie => hie 


9 hre (hize) i eye 


eg 
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hre MEASUREMENT 
Figure 15.37 


Driving conditions are the same as for hre; however, eg <<Vzn, also 
hre = 1.0 and deviations from unity are difficult to measure. 
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Driving considerations are the same as for hee if Ru is kept small; otherwise, 
Zp = (DPA)* (Re + Rx) 


hee = hre 
1 
bie = 1l+he 
4, Noe = hoe 


GENERAL 

Some of the parameters mentioned are particularly difficult to measure, the 
terminal requirements difficult to obtain, or particularly sensitive to temperature. 
When measuring hr, it is found that as this parameter approaches unity, the difference 
is increasingly hard to detect. Instead, hr. could be measured and hyp calculated; or an 
attempt to measure 1 + hr» could be made instead. A circuit for measuring 1 + he 
is shown in Figure 15.39. 
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Figure 15.39 


Considerations for obtaining accuracy are, 
Ze Zs sf 
Ze+Zi 2 (DPA)* (hin + Rr) 
Zp = (DPA)* Rx 
Cnotve << (1 + hev max) Ru ig 
wC.>> Hee MAX 

However, since Rx appears in the collector loop, the collector is not really short 
circuited, and Ri must therefore be kept quite small. On the other hand, it must be 
insured that ig <<Ix (in the order of 0.1 ma RMS for 1.0 ma In). Now the maximum 
current that will flow through Rx will be ig when hm = 0, therefore in practice 
ig Rt= 10“ < 10? or about 10 MV at most. Since, too, it is preferable to measure up 
to hry = .999, the ability to measure 1 + he» max. X ig Ru = about 10 microvolts is 
necessary, Some available VTVM’s do not have sufficient sensitivity for this measure- 
ment and either selective VTVM’s or pre-amplifiers must be used; at this point, noise 
and “pick-up” become important considerations. 

Similar important considerations also arise in measuring here. In order to maintain 
the collector signal current within the required small signal level, one must start with 
10 amps and a reading resistor of 502 max, assuming 1.0 ma D.C. collector current. 
This output signal of 5 mv is the maximum signal level in the collector. To measure hre 
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up to 1000, one would have to insert a base signal current of 10“ amps; and calibrating 
by inserting this signal into the 500 resistor, it develops that only 5yv of signal are 
available and the permissible noise background is less than 0.5 pv. 

To illustrate a method whereby most of these difficulties may be eliminated by a 
different technique of measuring, the circuit of Figure 15.40 is considered. 
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NORMALLY 
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ALTERNATE h,, MEASUREMENT 
Figure 15.40 


In this instance a constant signal voltage (say 10V) and a Unit of resistance are 
used that will limit the signal current to that permissible in the collector circuit. At 
502 and 0.1 ma a reference signal of 5 MV exists, which is readily measurable. The 
Unit of resistance is 100 K. Now units of resistance are inserted in the base circuit (AC) 
until the collector current returns to the Reference level. The number and fractions 
thereof of Units of resistance will read hr. directly; and the result is that a calibrated 
decade resistance box is used to read hre. At 1 KC accuracy is not limited by the 
resistors, but rather by the % to 1% resetability of the VTVM pointer. By using a 
selective VTVM with an expanded scale, such as the Hewlett-Packard 415B, 
(V.S.W.R. indicator) resetability and accuracy can be improved to better than 0.2%. 
The limitation now is the accuracy with which the temperature of the unit under test 
can be maintained since hr. is temperature sensitive. 
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HIGH FREQUENCY SMALL SIGNAL MEASUREMENTS OF 
TRANSISTOR PARAMETERS 


GENERAL 


The subject of high frequency h parameter measurements is considered in this 
section. Measurements from 100 kc to above 300 Mc are considered. 


1. Common Base - Common Emitter: 


Several considerations must enter into making a small signal measurement 
other than the high frequency techniques. Of importance is the time required 
and, in common emitter measurements, the effect of the DC shunt paths. For 
both of these reasons, all of the common emitter measurements are made in the 
Pseudo grounded emitter configuration where, to D.C., the circuit appears 
common-base. This was described in the last section. All of the considerations 
described there are equally applicable at high frequencies. 


2. Broad-Band Measurements: 


Common base broad-band measurements are feasible up to 100 mcs with 
care in circuit layout and due attention to socket capacity, etc. Common 
emitter measurements are broad-band in a very limited sense. By picking a 
sufficient number of spot frequencies data are obtained to draw a curve of 
parameter vs. frequency. The spot-frequency approach results directly from 
the circuits which will be described. 


INPUT IMPEDANCE: (hin, hie) 
1. 200 ke to 5 mcs: 


For this measurement the British Wayne-Kerr Model B601 Bridge was 
found to be the most suitable. By using suitable multiplier taps it will measure 
from a few ohms to more than one megohm of R parallel and reactances of 
+ several hundred yuf with reasonable accuracy. However, some reactance 
errors arise in measuring low parallel R values, due to inductance inside the 
bridge. 

A receiver is used as the bridge detector. A unit with a few uv sensitivity 
and a frequency range of 200 ke to 5 mcs. This detector sensitivity is manda- 
tory, since the maximum signal voltage the bridge applies to the input of the 
transistor must be less than 5 my, if overdriving the unit and distortion are to 
be avoided. Since small-signal conditions are to be maintained, the AC cur- 
rents permissible should be at most 10% of the DC bias currents. Assuming 
1.0 ma Ie and 50 ohms of hi, then the maximum input signal voltage is 
10* x 50 = 5 mv. Now for common-emitter operation, (assuming 1 + he» 
of .01), the base current is 10° amps. For 500 ohm of hi. the maximum signal 
swing is 10° x 5 & 10? = 5 mv. These figures are arbitrary, but realizable, and 
show the need for care. A suitable substitute is to incorporate means of reading 
the AC current in the collector; and, abiding by the 10% rule, the input signal 
is adjusted to the maximum permissible. The signal generator used is a Tektronix 
190 with the attenuator fixed to limit the input signal to the bridge. Since the 
Tektronix 190 starts at 375 kc this is the lowest frequency measured. Another 
generator, such as the Hewlett-Packard 650-A will extend the low frequency 
range. Test circuits are in plug-in boxes, for connecting to the bridge and are 
shown in Figure 15.41(A). 
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2. 1 to 100 mcs: 


At higher frequency the small signal terminal requirements of h param- 
eters (viz. Open and Short circuits) are progressively more difficult to obtain. 
In general, the input impedances are lower due to decreasing current gain 
and shunt reactance effects. The requirements of low driving signal voltage 
and the detector sensitivity demanded are even more stringent. 

The Wayne-Kerr Model 701B Admittance Meter is used with a Halli- 
crafter SX-62A receiver as the null detector. Mathematical conversion from 
the parallel admittances to the required series R. + jXs will be necessary. The 
generator used here is a Measurements Corp. Model 80 with a 2 mc to 420 mc 
frequency range. Since the Wayne-Kerr Model 701-B bridge has a 3:1 step- 
down transformer built in, the signal input to the bridge is limited to 10 mv 
maximum. The circuits used in measurements are shown in Figure 15.41(B). 
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shunt-feed problems are alleviated somewhat, and the entire bias supply is 


3. 30 Mcs and Higher: 
“floated” with respect to the bridge as follows: 


Two different Rohde and Schwartz Diagraphs are being used above 30 Mc. 
One, Model ZDV, BN3561 operates from 30 to 300 Mc; another, Model ZDD, 
BN3562 operates from 300 to 2400 Mc. These diagraphs measure the imped- 
ance or admittance of an unknown by measuring the reflection coefficient 
between a reference and an unknown transmission line. All shorts and opens 
at advanced frequencies can be established by using transmission lines of the 
appropriate length; that is, an open quarter-wave line is an a.c. short and an 
open half-wave line is an a.c. open. The system used is basically a 502 
system and measurement of hi» or hie may be read directly from the Smith 
chart display of the diagraph. 


: THE hop / Yop SWITCH IS A SELECTED 
ib LOW LOSS,LOW C,LOW L TOGGLE TYPE 


'RX' METER 


OUTPUT ADMITTANCE (hos, hoe) 
1. 200 ke to 5 mes: 

The same equipment is used here as for the hi» measurements. However, 
as much as 1.0 volts rms (although less is preferable) can be applied at the 
collector. The slope of the characteristic is reasonably constant over a large 
range of Vee. 


ho AND h.. MEASUREMENT UP TO 200 MCS 
Figure 15.43 


The built-in positive feed-back in the common base configuration, due to 
“overlap” capacity, etc., will often make the resistance term appear negative. 
The bridge, of course, is not designed to measure —R. Yet by balancing the 
bridge at R = 10k, for example, and rebalancing with the unit inserted one 
can calculate the effective —R term. The built-in capacity is sufficient to 
warrant great care to prevent any more from being added by the external 
circuit, and a shield between emitter and collector should be included in the 
physical circuit. A comparison of the measuring circuit of Figure 15.44, and 
that of an oscillator clarifies the above requirement for minimum capacitance. 
Also note that ho, may not be measurable at some frequencies, and an a.c. 
by-pass may be switched in, in order to measure the parallel equivalent of 
you, Which is also useful in determining hy, at high frequencies. 


A conversion from R, + jXp to G + jB is necessary. Circuits are in plug-in 


boxes. 
B6O! RECEIVER CIRCUITS ARE IN 
BRIDGE (DETECTOR) PLUG-IN BOXES 
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ho.» AND h.. MEASUREMENT UP TO 5 MC 
Figure 15.42 


COMPARISON OF h.. TEST CIRCUIT WITH THAT OF AN OSCILLATOR 
Figure 15.44 


2. 500 kc to 200 mcs: 

The Boonton Radio Corp. Model 250 RX meter is used to make these 
measurements. The bridge measures R, + C, and has a built-in signal gen- 
erator and heterodyne detector. The “RX” meter measures R, from 152 to 
over 100 k2 and —80 pf to +20 pf (with means of extending this range by 
adding external reactance). 

Since D.C. currents of up to 50 ma may flow through the bridge, the 


3. 30 Mcs and Up: 

The Rohde and Schwartz Diagraph is also used on output measurements 
at higher frequencies. However, since the diagraph is a 502 system, the reso- 
lution above 2.5 k® is difficult; thus, on some devices the real part of ho, 

a he 1 
and hee may be difficult to determine except to say that it is less than 35000 


or .4 millimhos. 


FORWARD CURRENT RATIO (hy,, h;. AND fy;,) 


Maintaining a high impedance, broad band current source in the presence of 
capacity is difficult. The problem arises in determining what signal current is being 
injected into the transistor, i.e., in calibrating the unity input current. It is convenient 
to assume that when the current is jumpered into the collector reading resistor to 
calibrate the set, this current will then flow into the transistor too. However, even 
5 wuf of capacity of the emitter socket has a capacitive reactance of only 1.5 k ohms 
at 20 mes, which is not a good current source if Ri = 25 ohms and hi, = 2002. This 
can cause a 10% current change, and much larger errors in frequency when meas- 


uring fn», (the slope of hr» with frequency is relatively small) since a ~ = 


l+ig— 


Another factor rises which must be considered. The input impedance of the tran- 
sistor looks inductive below fur, and at some point becomes resonant with the 
terminal capacity. If the real part of hi, is larger than the reactive part, then the 
Q of the circuit exceeds unity and more current flows in the emitter. At this juncture, 
the current gain appears to exceed unity. It is the nature of hr to return to unity at 
high enough frequency, as an examination of the equivalent circuit will show. Of 
course, he, could be measured at many frequencies while resonating out the terminal 
capacity for each step. This is done for hre and fur, but is time-consuming. Time 
consuming, too, is the recalibration operation in fn» measurements, but this time has 
been reduced as much as possible in the circuit shown in Figure 15.46. The switch- 
ing is made automatic, and the gain is changed to correct for the difference between 
hr-o (low frequency) and unity. This too is automatically switched between calibrate 
and measure positions. With a flat 3 db pad (General Radio type), the detector 
becomes a reference indicator. Now the frequency is found where both readings 
are equal. 

The phase of he, at any frequency may be found by using a parallel (and as 
nearly identical as possible — but without the transistor) channel as a reference. The 
two channels are amplitude and phase balanced without the transistor. The transistor 
is then inserted, amplitudes rebalanced, and the peak vector voltage between the 
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channels measured. An Advance Electronics Corporation “Vectrolizer” is used. This 
consists of a peak reading diode differential detector and D.C. amplifier/voltmeter. 


The usual considerations of signal currents in the collector still apply. Lead-length 
is critical in this equipment and disc type by-pass capacitors are preferable. 
1. hre and fae to 10 mcs is measured in the arrangement shown in Figure 15.45. 
2. he, fue» and phase of a to 100 mcs is measured as shown in Figure 15.46. 
Two basic methods of calibrating unity current are shown in Figure 15.47. 
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Signal generators used are either the Tektronix Model 190, up to 50 mcs, 
or the Measurement Corporation Model 80 up to 100 mcs, and beyond. The 
distributed amplifiers used are the Hewlett-Packard Model 460A or the 
Spencer-Kennedy Model 201, the latter having a 200 mcs cut-off frequency. 
Detectors are the Hewlett-Packard Model 401-B or the Boonton Electronics 
Company Model 91-B. The “Vectrolizer” has already been described. 

Finite termination transfer constants can be measured on the diagraph 
which when coupled with a knowledge of the other h parameters measured 
will yield the hr, hy, hre or hre. The computation involved is somewhat long 
and tedious and with any large number of measurements would almost require 
a computer. In the measurement of hr. at high frequencies another test facility 
has been developed which will perform this measurement at certain fixed 
frequencies. 20, 40, 100, and 200 mcs are currently used. This measurement 
is essentially used to determine the f; of a device where f; is equal to hr. times 
the frequency of measurement if the hre vs. frequency characteristic is de- 
creasing at 6 db/octave at the frequency of measurement. f; is defined as the 
frequency at which hy. = 1. 

a. f£ Measurement 
In a high frequency mesa transistor, the f¢ point or the frequency where 
hre = 1, usually occurs at a frequency in the order of several hundred 
megacycles which makes measurement of this quantity quite difficult. This 
is in addition to the device parasitics interfering with the measurement. 

To avoid such difficulties, hre, (the short circuit current gain of a transistor), 

is measured at a fixed frequency somewhat below the hre = 1 value. The f; 

point can then be very closely approximated by applying the relationship 

of fe = (hte) (fmensurea) aS mentioned. In the particular test set described 
provisions were made to check hy. at two fixed frequencies an octave apart. 


This, in effect, tells: 

1. If the particular transistor under test has any useful gain at these 
frequencies. 

2. If the transistor is following the theoretical 6 db/octave slope. 

3. If the second condition holds, what the value of £; is. 

For example, two sets of similar design will be described for two dif- 
ferent types of mesa transistors. The fixed frequencies of one are 100 and 
200 mes, and the other, 20 and 40 mcs. 

Problems which must be avoided in the measurement of f; are: 

1. The signal level applied to the base must not be too high for a small 

signal measurement. 

2. The signal fed into the base must be a suitable current source. 

3. The output reading load must be well defined. 

To illustrate where these problems arise, consider the errors in calibration 
in the input circuit of Figure 15.48, and in the output circuit of Figure 15.49 
when the transistor is inserted. Combining these two terms results in Figure 15.50 
where the total relationship of measured hre as compared to actual hr. is shown. 

The object of this measurement is to get the measured value of hre to equal 
or to approximately equal the actual hr. value. Therefore, both the input and 
output error terms must be minimized; i.e., the variation of the input loop 
impedance when changing from the calibrating load to the input impedance 


7S SR RRR ANS No ENE re RENE ANE ARON RLS RA TERED 


TRANSISTOR MEASUREMENTS 


Z 
= 
ou |2s + 2| 
h. es e 
ie 'b |2s he 
au 
i+ > 
ip iE ize Fs 21 i | Zy 
ical r Zg + hie Nie 
| lee Z, 
i+ %| 
BASE sie aay 
ERROR 'b = 'cal " 
TERMS i+ Ey 
Figure 15.48 em. 


COLLECTOR 
ERROR 
TERMS 


Figure 15.49 


ZL 
- } + 2. | 
sLsh, (MEAS): | ———S— aaa) nee 
ial ly i+ | I+ 
2g YL 


TRANSISTOR MEASUREMENTS Se 


Zz 
Fi ree 
g 
h,, (MEAS.)= { —————_—— ————— } h,, tact) 
Nie Noe : 
I+ =< I+ 
g YL 


ERROR TERMS IN h;. MEASUREMENT 
Figure 15.50 


of the transistor under test must be minimized and the magnitude of the output 
admittance, hoe, as compared to the load must be minimized. In other words, 
hie 
Ze 
The signal current generator uses a 10 K ohm series resistor to the base of 
the transistor and is placed through a double sided copper clad shield which 
tends to reduce the shunt capacitance across the resistor since at high fre- 
quencies shunt or stray capacities lower the impedance of a current source. To 
compensate for the residual capacitance in the test set described and therefore 
raise the current source’s effective impedance at the base of the transistor 
socket, a high Q parallel resonant circuit is placed to ground. (One of the 
methods which can be used to tune the resonant circuit is to install it physically 
in the test circuit and then connect an RX Bridge as closely as possible to the 
base terminal of the transistor socket. Set the C, dial on the RX meter to 0 pf. 
Tune the capacitor in the test set and the R, dial on the RX meter until the 
meter on the RX bridge nulls. Then read the R, dial. This is the effective 
impedance which normally is from 4 to 8 K ohms depending upon the fre- 
quency of the test set.) 


and hoe must be < 1. 
Yu 


Some mesa transistors tend to exhibit an output impedance, 1/hoe, in the 
order of from 50 to 100 ohms at high frequency. Therefore, in order to measure 
this type of transistor with accuracy the magnitude of the load admittance 
terms, Y;, must be greater than 100 millimho (or Ru < 102). In order to 
realize this condition, transmission line techniques are applied. Not only does 
the transmission line transform the 3 K 2 resistance of the R.F. millivoltmeter 
used as a detector to approximately 1 ohm, but the standing wave voltage 
transformation permits operation at lower signal levels. Effectively a quarter 
wave transmission line is placed from the collector of the transistor socket to 
the R.F. millivoltmeter. In practice, it is found much easier to cut a piece of 
cable shorter than the actual quarter wave length and use a variable ceramic 
capacitor at the R.F. voltmeter end of the cable to ground. When adjusted, 
this capacitor electrically extends the line to exactly a quarter wave length. 


With mesa transistors in a psuedo-grounded emitter configuration which 
is used in this circuit, a mesa transistor may break into oscillation. Therefore, 
a series RC circuit, using a 10 ohm resistor, is placed from collector to ground. 
This effectively lowers the collector impedance at frequencies other than the 
frequency of interest and discourages unwanted oscillations. 


Figure 15.51 is the diagram of the test set. High frequency construction 
techniques are used. Shielding is of utmost importance, and the input circuit 
must be isolated from the output circuit to avoid leakage of signal which 
could cause a calibration error. (In this case, the base from the collector.) In 
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DIAGRAM OF h;. TEST SET 
Figure 15.51 


constructing this test circuit, double sided copper-clad board is used. Com- 
ponents are physically placed such that lead length is kept to a minimum. 
To eliminate lead inductance of the transistor under test, a socket is used 
which allows close connection of the circuit to the transistor header. A rectifier, 
CR-1, is connected from emitter to ground to insure that C-2 does not 
charge-up when the test socket is empty. This prevents destroying the next 
transistor to be tested. In Figure 15.51 the circuit is connected for PNP opera- 
tion of the test set. A switchable attenuator box is used instead of the range 
switch of the R.F. millivoltmeter. The R.F. millivoltmeter used in this test 
set has about a 1 db non-linearity from scale to scale and within a scale. To 
avoid this error and still use the instrument, an alternate method is required 
using a single point on the voltmeter (say full scale on the 3 mv scale) and 
working around that level with a switchable attenuator. 
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ATTENUATOR BOX 
Figure 15.52 


Figure 15.52 shows the attenuator box. Three switchable pads are incor- 
porated enabling any combination of the three pads to be used. This in effect 
keeps the R.F. millivoltmeter on the same scale (3 mv scale) and within that 
scale, the pointer is always no less than % of full scale. The design formulas 
for these pads were taken from Reference Data for Radio Engineers using 
unbalanced 7 networks keeping the input and output impedances equal to 
50 ohms. 


POWER GAIN MEASUREMENT 


GENERAL 


In a practical and useful amplifying device there is one question of paramount 
importance, how much will it amplify at the frequency (or band of frequencies) of 
interest? In short, what is the power gain? Obviously where the amplifier has insuffi- 
cient gain to fulfill the minimum requirements, the device is of only passing interest. 
Other important considerations may include flat frequency response, amplifier stability 
with temperature variation and other environmental changes, effective operating life 
of the device and total power consumption. Power gain, however, is still of primary 
interest and will be discussed in this section. 


From the standpoint of the circuit designer the power amplifier should, among 
other things, be a unilateral device with no internal feedback of any sort, and have 
equal input and output driving point impedances. It should contribute no noise of its 
own to the signal being amplified, have a perfectly flat gain/frequency response, and 
a large gain-bandwidth product. Transistors, however, are not unilateral devices. 
Depending upon the circuit configuration being used (common base or common 
emitter) and the particular frequency, the internal feedback may be either negative 
or positive, and may even shift phase from one to the other. This effect is not unique 
to transistors, of course, but these internal aspects do necessitate some thought in 
defining Power Gain. Consider the case of an amplifier with positive feedback. When 
the feedback power is great enough to overcome the associated circuit losses, the 
device will oscillate. Describing the power gain of an oscillator is, of course, mean- 
ingless. With no signal applied and any signal at all out of the device, its apparent 
gain, according to the usual definitions, is infinite! This suggests the need for addi- 
tional constraints in the definition of gain. Gain may be described under neutralized 
or unilateralized conditions, with attendant problems of defining measurement of the 
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degree of unilaterality. Gain may also be defined with certain boundary conditions, 
or stability criteria, for example, when gain is measured with only that feedback 
required to make the output driving-point impedance appear infinite. This will be 
discussed later. 

Problems of gain measurement break down into three specific phases: 

a. Means of measuring input and output powers of the transistor. 

b. Determining the effects of the circuit on the device. 

c. Determining the effects of the device upon the circuit. 

To be still more specific: in (a.) the generator and load impedances are adjusted 
to match (either resistively or complex conjugate) the transistor for maximum power 
gain. It must also be insured that the device is not over-driven either current or 
voltage-wise. In other words, assurance must be maintained that small signal condi- 
tions apply. Due to the extreme signal sensitivity of the usual low-power transistor, 
the measuring of A.C. powers in the order of 1 to 10 microwatts (A.C. currents in the 
order of microamperes and A.C. voltages of a few millivolts) is of concern. As a result 
the measurement problem is more complex than may be immediately apparent. 

In (b.) spurious paths or parasitic strays can introduce unwanted feedback, and the 
particular terminations used must not permit the transistor to operate in a region where 
internal feedback can cause potential unstability. This is the “gain” of an oscillator 
paradox. The ideal way to guarantee that the above conditions do not exist is to 
measure the two port impedances when terminated at the other end by the apparent 
required match, to see that no signs of negative-resistance exist. This latter condition 
leads to (c.). 

In any circuit with R, L, and C components, a basic loaded Q is present. Assume 
that this circuit is the complex conjugate match for a transistor. When this transistor 
is inserted, its output conductance appears across the circuit and the circuit Q should 
decrease to half the original value. Now consider what would happen were the 
device to have positive feedback. With enough feedback the output of the transistor 
has a negative resistance component which absorbs some of the circuit losses and the 
Active Q now increases. Even if this feedback is internal, rather than caused by 
unknown and uncontrolled strays, it is difficult to state with confidence the true gain 
of the transistor. However, a means of using the bandwidth of the circuit as a criterion 
of stability is available. Thus, the Active Q may be made less than that of the circuit 
Q alone. This approach will not suffice for negative feedback where the solution 
relies on the neutralizing techniques which are to be discussed shortly. 


MEASURING POWER GAIN 
Power Gain depends on the particular definitions used and the frequency or band 
of frequencies being considered. These definitions are as follows: 


i 2 i 7 . . 
iF G= ( is)’ Ru orG = Pout, where © = current amplification gain 
in Ri Pin h 
This is the low frequency case and is the actual gain between Rgen and 
Rioaa and is maximum when Regen = Rinput and Rr = Routput.Pavatiante = fe 
where E. = open circuit generator voltage. ar 


2. Grransaucer: (circuit gain or available power) 
Grransaucer is the output to available power ratio. The closeness of matching 
conditions to the two-port impedances of the amplifier will determine how 
closely Gr approaches Gmax availabie- 
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3. Ceataabie 


This is the gain of the transistor with only the real part of its input and 
output impedances matched to the load and generator. 


4, Cmestcium available? 


The real parts are matched and the reactances are tuned out, that is, the 
same impedance but of opposite phase. This is the complex-conjugate match 
and is the most true gain obtainable. Close attention is required to distinguish 
between this and Pseudo gains which may appear larger due to positive 
feedback. 

All of the above definitions, with the possible exception of (1) may be considered 
as classes and are often divided into sub-classes as determined by the considerations 
mentioned earlier when discussing the phases of the measurement problem. As to the 
particulars of each measurement set: while it may be possible to measure the 
current amplification gain in (1) and (3), it is usually easier to have switchable Re and 
Rx so arranged that the available generator power is kept constant and an output volt- 
age is obtained proportional to the power in the load. It should be noted that this circuit 
is also applicable to (2) as long as a resistive generator is desired or necessary. The 
device, potentially unstable if complex-conjugate matched, may be usably stable if 
only one terminal is complex matched and the other resistively terminated. For prac- 
tical reasons the generator is usually the resistive match as shown in Figure 15.53. 
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Measurement of (2) often takes the form of the circuit shown in Figure 15.54. 


This is a Functional I.F. Test. 
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FUNCTIONAL I.F. POWER TEST 
Figure 15.54 


To reproduce the measurements from set to set, the transformer loaded imped- 
ances, losses, and bandwidth must be specified. The layout is standardized and pre- 
cision resistors and meters are used to establish the D.C. bias conditions. Since gain 
varies with temperature, means of controlling or at least monitoring temperature 
should be included. The use of attenuators to set relative levels on the VTVM is 
encouraged, rather than relying on the linearity and accuracy of the VTVM. 

For complex-conjugate matching, and also for a simple method of measuring high- 
frequency gain, the 7 network has proven very useful as an impedance transformer. 
With care, the losses in the network can be kept low (in the order of 1 db). It should 
be remembered that this network acts as a filter, and bandwidth measurements 
should not be made. Where bandwidth is important the use of variable link coupling 
networks will prove more satisfactory. 

In the following circuit, Figure 15.55, the detector is coupled into the generator 
at the calibrate jack. The network is then adjusted for a maximum reading. Assuming 
the losses of the input network are constant with small variations of match, and the 
input impedance of the transistor is close to the 50 ohms of the detector, the output 
will be the zero db reference setting, and only the losses in the output network are 
important. By keeping these losses small with proper network design, the losses can 
then be considered as part of the transistor’s gain. 


NEUTRALIZATION 

The need for neutralization arises when internal feedback exists. The device is not 
unilateral and variations of load affect the input impedance. This fact enables one to 
devise methods of determining when neutralization has been accomplished. There are 
two accurate measuring techniques. One uses a resonant load and sweeps the input 
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with a variable frequency signal current source. As the signal goes above and below 
the resonant frequency, the load becomes first capacitive and then inductive. If a high 
impedance sensitive detector is used to look at the input voltage, the changing 
impedance is seen at the input due to reflected load changes. At frequencies up to 
5 or 10 mes such detectors are available, but in the VHF range a different approach 
is used. The second approach, applicable at most frequencies, is to measure the feed- 
back voltage appearing at the input when a signal is applied at the output. This is 
precisely what is done in measuring hy». 

In both methods some out of phase feedback is applied in parallel with the device, 
so as to cancel either impedance changes or feedback voltage. Means of amplitude 
and phase control will need to be incorporated in the neutralizing network to avoid 
over-compensation. Simplified circuit diagrams are illustrated in Figure 15.56 to show 
some of the various feedback schemes used. The feedback networks are lumped- 
constant types at lower frequencies and transmission line types at VHF. 
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Figure 15.56 
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To check the true gain of a transistor, unilateral amplifiers are used in the feedback 
path to supply the power consumed in the feedback (neutralizing) network, thereby 
not loading the transistor’s output, as shown in Figure 15.57. 
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SCHEMATIC OF TRUE GAIN MEASUREMENT 
Figure 15.57 


TRANSISTOR NOISE MEASUREMENTS 
GENERAL 


The noise output from an amplifier consists of two parts: 
1. Output due to noise generated at the input-terminals. 
2. Output due to noise generated inside the amplifier itself. 
Part 1 of the noise power output is predictable since the available noise-power in 
any resistor is 
P, = kTB (15a) 
where, 
k = Boltzman’s constant 


T = Absolute temperature (°K) 
B = Effective bandwidth 


and this effective bandwidth is 


B=—~ | G(f) df (15b) 


By measuring the gain with frequency, integrating and dividing by the maximum 
gain, the equivalent rectangular power pass-band is found. Since noise-power at the 
output consists of two parts, and one of these may be predicted, this may be used 
to specify the noisiness of an amplifier. The index used for this purpose is called the 
noise factor and is defined 

Total Noise Power Out 
Fe Power gain X Noise Power due to Source Resistor (15c) 
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or, 
pene 
ro GeP, 
But since,G = aes , where Ps is signal power 
S/in 
(Ps)in ( Signal 
fh Py RR i etre X NOES Ta 
(Ps) out oaP or (Ps)out i; (202) (15d) 
(Ps) in bs Px Noise / out 


Noise Figure (NF) = 10 log F 
Expressed in terms of voltage and resistance, the available noise-power can be 
written 


er 
1 4R, = kTB (15e) 
or, 
a \ 4kTB R, (158) 


At room temperature, 4 kT = 1.6 x 10~” joules. 


MEASUREMENT OF NOISE FIGURE 

In equation (15f) En is the noise voltage at the input. Now a signal is added at the 
input (7 times E,) such that the output level with signal is much greater than the noise 
output. This value y is the signal-to-noise ratio and “calibrates” the output level of 
the entire measuring system. When the signal is removed, the output level should 


drop to ~of this calibrated level provided the amplifier is perfect. Since the amplifier 


contributes some noise, the level will not drop that far. The ratio between the actual 
level of noise background and the ideal case is the noise factor and the noise figure 
may be read on the db scales of the VTVM used. Since the noise voltage fluctuates, 
sufficient capacitance must be added across the meter movement of the VTVM to 
integrate the noise voltage with time. If an average-reading meter (calibrated in RMS 
of a sine wave) is used, then the meter will read 11% lower on noise than on sinusoidal 
signals, and the “calibration” signal must be reduced accordingly for correct measure- 
ments. If a true RMS meter or bolometer is used, this correction is unnecessary. 

Since the unknown signal is present during the calibration process, the measured 
Noise Figure is not the true Noise Figure. 


According to equation (15d) 


Signal 
F— ( Noise / in 
7 oy (15g) 
( Noise / out 


The input during calibration is S’in = (Ps)in + Pa 
The noise input is N’in = Pn 
and, 


S'in (Ps) in 
ees oe (15h) 
The apparent output signal S’oue = G [(Ps)in + Pa] + Pe 
The apparent output noise N’ our = GPa + Pe 
where Px is the noise generated in the transistor. 
Therefore, 
Sent = G [(Ps)in + Pa] + Pe 
N’out GP, + Ps (15i) 
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The measured noise factor 


Ss Ss n n 

S's 14 as 14 
r= : ees n = in 2 
"= “Sou CUPdin + Pad $ Pe = 1 Sons (15)) 

Nia GPn + Pr None 


since G (Ps)in is the true output signal = Sout 
and GP, + Pz is the true output noise = Nout 


By re-arranging equation (15j) 


Sin L+ Nout 1+ Nin 
Sak Nin Sout Sin 
r= ; e y= ni (15k) 
out Ee in i+ out 
Nout Sin Sout 
or the true noise factor 
1 oe - 
rom (151) 
1 it out 
Sout 


From equation (151 )it is seen that if Sou: is much greater than the noise background 
level F approaches Fy since this also implies Sin> > Nin. 


One other complication is that the noise output of the transistor under test is far 
below the level of sensitivity of most commercially available meters, so that an amplifier 
must be used to raise the noise level to a readable level. Unfortunately, this amplifier 
can contribute noise of its own and degrade the readings. 

It is easily shown that the total noise factor of a cascade system is 

F.—1, Fs—1 
Fy = F Stn a eet ae aahe « 
sg I 0 alge 5 typ 
So that G should be made as high and F: as low as possible to avoid these errors. 
(Removing the device under test while observing the noise background will supply a 
quick check on post-amplifier degradation. The output level should drop 20 db or more.) 


(15m) 


A much more convenient way to make noise factor measurement is to use a noise 
diode. It is known that the output noise current from such a noise diode is: 


Ix? = 2q Inc B (15n) 
q =electron charge 
Inc = plate current in diode 
B= effective bandwidth 
If the source resistance is Rg, the available noise power is 
_ IVR, _ 2q Inc BR, 


=| m1 (150) 
This is the noise power generated by the diode alone. The noise power due to Rg is 
N: =kTB (15p) 


and this is in addition to S;. 


The excess noise generated in the amplifier is Nz and the power gain is G and if M 
is defined as the ratio of noise power output with diode turned on to noise power out- 
put with diode turned off 


then, 


ral (15q) 
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or, bt 
2q Inc B Ry 
ao ivs 
° a ae (=) (153) 
kTB G + Ne N J out 
and since, ky 
2q Inc B Re 
ites re ae (15s) 
(=); kTB 
we have, 2 
( Ss ) 2q Ino B Re 
in x in Ee 4 (15t) 


( ) M —1 
N J out 


9 
But at T = 290°K (17°C), -~4.— 20 (volts) 


ahs 
So equation (15t) can be written as 
Ss 20 Inc R, 4 
i= ree Fer (15u) 


Usually M is chosen to be equal to 2 


therefore the noise factor is, 
F = 20 Inc Ry (15v) 


EQUIVALENT NOISE CURRENT AND NOISE VOLTAGE 


Because of the internally generated noise, the output noise current is not zero when 
the input is open, and for the same reason the output noise voltage is not zero when the 
input is short-circuited. Since the noise current and noise voltage output are solely 
dependent on the transistor it seems that a noise specification based on those two 
quantities would be more generally useable. In the following derivation the relation- 
ship between open circuit noise current, short-circuit noise voltage and noise factor 
will be shown. A noisy amplifier may be substituted by a noise-less amplifier with 
equivalent noise-current and noise-voltage sources connected to the input, as shown 
in Figure 15.58. 
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Figure 15.58 


The total noise-power at point A is proportional to 


a 4kTB en” Pa 
lr = R, Re + ix (15w) 
The first term is the noise-current generated in R, and since the noise factor, 
all noise 


~~ noise due to Ry 


26) Ea ea a LS 


then, 
ex” ix? Ry 
SS See ee = 15 
P=1+ Q.1BR, + 4kTB Ser 
co 
B = effective bandwidth = a f. G(f)df 
MAX 0 
where, 
G(f) = gain as function of frequency 
Gaax = maximum gain 
Defining, 
haa 
AEB 
= (15y) 
5 wine 
a ON 
equation (15x) will be, 
alg ae LF 
ei Sana Ys 3 ae 
and since, 
24 — 90 (volts) at T = 290°K 
4kT~ c 
Pa) Few 20 Tou Re (15aa) 
& 


In Figure 15.58 the noise-voltage source may be thought of as a lossless resistor Rew, 
and the current source as a parallel shot noise generator due to an equivalent DC 
current Teqy. 

To find the optimum value on the noise factor the derivative of F equation (15x) 
is taken with respect to Rg, and this optimum noise factor is found to be 


Fore = 1+ Nes? ix? = 1 + 2V20 Rea Tear 


2kTB (15bb) 
for, 
a i: Sey 
Ry = Rot = RE = V Bes (15ec) 
ix? 20) Tey 


From equation (15bb) it is seen that the optimum noise factor can be found analytically 
if ex” and iy? are known. This is also the noise factor which will be measured if a meas- 
urement is made with a source resistance Ropt. 
Combining equations (15x) and (15bb). 
Mb I gle Neg 
yA 


Therefore, if Fop: and Ruyt are given, the noise factor can be found for any source 
resistance Rg. 


Defining a factor k, as i 
1 R, Runt 

Salk ee oo 
equation (15dd) becomes lSe k 

F=14+ (Folk “5 2 

R, 
FACTOR & VS. 25. 5 | 2 345678 
Figure 15.59 aa secs 
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For example, the optimum noise figure (NF)opt is given as 1.5 db or Fopt = 1.4. The 
optimum source-resistance is 10002. What is the noise factor in a circuit where 
R 
R, = 8 ko. The ratio R e = 8, and from the Figure 15.59, k is found to be 4. 
op 
Therefore, the noise factor will be 
F =14 (Fort —1)k=1 +4 (1.4—1) <4=26 
NF = 4.1 db 


MEASUREMENT OF (ex?)* AND (ix?)* FOR TRANSISTORS 
The schematic in Figure 15.60 is used to measure (ex?) #. 
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Figure 15.60 


R, must be chosen so as to be much smaller than the input resistance of the 
transistor. 


It is known from transistor-analysis that 
Te , 
Req Stow + Ip 


eqv 


Recs. ; 
To make R, in equation (15aa) the dominant term, 


& 


Reg > >Re or Re<< 


The measurement-procedure is as follows: 
a. The back-ground noise-level is noted. 


b. The signal generator is connected through a suitable attenuator, and the level 
of the generator is adjusted until the device output level is 20 db above back- 
ground level. 


c, The required input level is measured from which en can be determined. 


To measure the equivalent noise-current, an almost identical circuit is used. The 
only difference being Ry replaced by a high resistor inserted in series as shown in 
Figure 15.61. 
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A condition which must be satisfied is 


| = ae 
WTB cc Ve 
z 
If the background noise level is Vn and the input voltage V gives E volts out, then 
equivalent noise-current is 


It should be strongly emphasized that ex and ix must be measured under the same 
operating conditions to have any practical significance, and also the necessary correc- 
tion must be made for the lower meter reading on noise. 


MEASUREMENT OF NOISE FACTOR WITHOUT USING SIGNAL GENERATOR OR 
NOISE DIODE 


The concept of equivalent noise current and equivalent noise voltage can be used 
to measure noise factor without a signal generator or noise diode. Since the noise factor 
depends on the source resistance, and every resistor is a thermal noise source by nature, 
the source resistance can be utilized as a noise generator. 

The method is based on three measurements, from which the noise factor can be 
computed 

1. The noise voltage at the output, input open-circuited. 

2. The noise voltage at the output, input short-circuited. 

3. The noise voltage at the output, the desired source resistance connected to the 

input. 

One necessary condition in this method is that the input resistance to the device 
be known, or be measurable. 


EQUIVALENT NOISE CIRCUIT 
Figure 15.62 


N e,” is the noise voltage generated in the source resistance R, 


NV e.? is the equivalent noise voltage, input shorted 
N (io’)? is the true equivalent noise current, input open 


V ein’ is the noise voltage generated in the input resistance 


The above circuit, Figure 15.62, is re-drawn as a current equivalent in Figure 15.63. 
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Multiplying both sides of (15jj) by e# and solving for “*- 


eg 


es” =P Rix? es” 


ee (Ria + R,)? ex? (15kk) 


Substituting the identity, 
Go? , est 
eg 

and aiste (15kk) into equation (15ii), and solving for F, 


|g: 


NOISE CURRENT EQUIVALENT CIRCUIT 


Figure 15.63 


The relationships between currents and voltages are, 


qa &e ee es? i — £m 
& RZ > 8 RZ > Ri 
The total current flowing into the parallel combination of Rg and Rin 
Fi es + ey + = (15£f) and equation (15ll) 
& in 
P= 
The measured open circuited equivalent noise voltage is due to 
Oe (io’)? Rin’ + Cin” (15gg) l mer 0 
Combining (15ff) and (15gg) gives 
or, Sf eS et i = 
a Re + Rix’ ( ) V er’ output voltage when R, is connected to input 
The noise factor Vv es? output voltage, input terminals shorted 
re er eee Ve | 
s 5 + 5 at eth eo” output voltage, input terminals open 
F= dt i Rg Rin ] sree aie £a J (15ii) V2 
ine i? e,” eg Rin Ropt = Rin Va 
R,’” e,” 
From this last equation it is seen that F can be expressed in terms of voltage ratios; Rin = input resistance of transistor. 
and, therefore, only output voltages have to be measured. Thus, the measurement of noise factor is accomplished without the use of a noise 
Equation (15ii) is not too useful since we can not measure eg separately. generator or diode. 
The noise factor may also be expressed as, TRANSISTOR NOISE ANALYZER 
[total voltage across parallel Ry and Rin]? A more convenient way to measure equivalent noise voltage and current is to use 
~~ [voltage across parallel R, and d Rin due to i,]? the Quan Tech Transistor Noise Analyzer Model 310. This is an instrument where 
oF equivalent noise voltage and current can be read directly at three different center 
F = ; (15ij) frequencies, namely at 100 cps, 1 Kc, and 10 Ke. The noise voltages and currents are 
i Ry Rin eee | "qo Ri | read in volts per square root cycle (V/V cycle) and Amperes per square root cycle 
1 eS + Rin (A/ V cycle). 
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Example: 
Transistor 2N123 
Von = —5 V 
Iz =1mA 


Equivalent short-circuited noise voltage ex = 1.8 x 10° V/ V cycle 


Equivalent open-circuited noise current iy = 2.5 x 107% A/ V cycle 
(measured at 1 Ke) 


This gives 
_ 18x 10° 
Roe = 95 x 10-2 = 7202 
and 
~ hestete ORE EO 
Fone =i tsp =i+—3 = 1.564 


Optimum noise figure = 1.94 db. 


CHARGE CONTROL PARAMETER MEASUREMENT 


The measurement of the charge parameters (described in Chapter 7) are discussed 
in this section. The four parameters which are currently specified on G.E. specification 
sheets are measured in the manner shown in the following paragraphs. NPN configura- 
tion is used for circuit layouts, but PNP measurements can be accomplished by revers- 
ing the polarity of Vin and Vcc. One consideration which should be mentioned before 
the actual circuits are introduced is that of measurement accuracy. In any measure- 
ment of switching speed, determination of the pulse voltage magnitudes and the bias 
voltages is extremely critical. In these parameter measurements, an attempt was made 
to minimize the number of critical pulse and bias voltage measurements necessary. 


tay THE EFFECTIVE LIFETIME IN THE ACTIVE STATE 

The circuit used to measure 7. is shown in Figure 15.64, Inasmuch as the circuit 
contains no dissipation limiting resistor, extreme caution should be used to assure that 
Vcc * Ic does not exceed the dissipation limits of the device. 
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Figure 15.64 


To perform the actual measurement, the following steps are taken: 


1. Before the device is inserted into the test socket, Vin amplitude is set to below 
+.3 volts. 


2. Veo is set to +4 volts. (This voltage may be lowered when dissipation is an 
important factor, but should not be made lower than +2 volts.) 
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3. A Tektronix Type 131 Amplifier and Tektronix Type 545 Oscilloscope (or 
equivalent) are set up.so that the collector current at which measurement is 
desired produce a scope deflection equal to 3 cm. The current at which the 
measurements should be made is that Ic for which the device dissipation rating 
is approached by the Vcc * Ic product. This point is used for the measurement so 
that the 7, obtained will be the true minimum and be accurate for “worst-case” 
design techniques. 


4. The device is now inserted into the test socket. CAUTION: If the base lead 
accidently touches the collector lead during insertion, the device may be 
destroyed, unless an electrically current-limited power supply is used. 

5. The input voltage is now increased until the Ic deflection is 3 cm (or the desired 
Ic value). 

6. ra is the time constant of the resulting pulse waveform as shown in Figure 15.65. 
It is NOT necessary to record the input pulse amplitude. 
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rv», EFFECTIVE LIFETIME IN SATURATED STATE 


The test circuit for measuring 7» is shown in Figure 15.66 
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Figure 15.66 


The following steps are taken to perform the 7» measurement: 


1. Vcc is chosen to be approximately one-half the transistor’s breakdown voltage 
(about 10 volts for most alloy switching transistors). 

2. Rx is chosen so the current flowing when the transistor is saturated is equal 
to a median current. (For alloy types where 100 ma is the maximum current 
permissible, Rx could be from 200 ohms to 1K for Vec = 10 volts. In switch- 
ing transistors of the mesa type, Vec = 10 volts and Ri = 1K are common 
conditions.) 
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3. Ris normally from 2 to 5 times larger than Rx. 


4. Vin is the quantity varied in order to make the 7, measurement. The transistor 
is saturated at two different values of Vin, and the change in storage time is 
measured. Ease and accuracy of the measurement may be enhanced with the 
use of a Rutherford Model B7 pulse generator since Vin may be varied by the 
built-in decade attenuator. 


5. The unit is inserted into the test circuit. 


6. Two values of Vin are chosen which fulfill the conditions that the circuit 
B (forced 8, forced herr, or Vcc Ri/Vin Rx) is not more than 1% of the device hrr. 


7. The storage time portion of the trace is observed as shown in Figure 15.67. 
Only Ats and Vinz/Vim need be recorded. Ats is observed as the Vin value is 
switched between Vim and Vine by manually switching the generator’s pulse 


amplitude. 
Ats 


8. 7» is obtained by using the relationship that 7, = rag 
In ve)’ 
inl 


(If Vine = 2.72 Vim, then 7» = Ats.) 
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7» MEASUREMENT WAVEFORM 
Figure 15.67 


Caz, THE AVERAGE EMITTER JUNCTION CAPACITANCE 
Figure 15.68 is circuit used to measure Crr. It should be noted that the input pulse 
used is to reverse bias the base emitter diode and is not of the polarity which would 
turn the base-emitter diode on. To obtain the actual value of Cnr, the following steps 
are taken 
LOW CAPACITANCE PROBE 
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1. Normally, Vin is from 10 to 20 volts and depends somewhat on junction break- 
down voltage, i.e., 10 volts may be too high for a low breakdown unit. 


2. Insert the transistor into the test socket. 


3. Vax transient is observed on the oscilloscope as shown in Figure 15.69. The 
value of Cuz is obtained from the relationship shown below the curve. 
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Figure 15.69 


4. One measurement of capacitance is made to determine measurement gear 
capacity by performing the same steps with the test socket empty. Measurement 
gear capacitance is subtracted from the measured Czx to determine the 
actual Cex. 


COMPOSITE CIRCUIT FOR ra, 7», Cus 


The similarity of the rs, 7», and Cre test circuits allow that they may be combined 
in one flexible test circuit as shown in Figure 15.70. The appropriate R: and Rx condi- 
tions allow for the various parameter measurements, 
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Qs*, TOTAL CHARGE TO BRING TRANSISTOR TO EDGE OF SATURATION 


The circuit used to measure Qz* is shown in Figure 15.71. Capacitor, C, is chosen 
to supply adequate charge to the device being tested without requiring an excessive 
Vin pulse. For alloy transistors a 5 to 100 pf variable capacitor with the capability of 
switching in additional capacitance, in steps of 100 pf, is used. Mesa transistors require 
a 3 to 50 pf range. It is important that low inductance capacitors be used. General 
Radio precision capacitors, Hammarlund type air dielectric capacitors, or their equiva- 
lents are satisfactory. In any case, excessive capacity between the base lead and circuit 
ground must be avoided. 
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Q:* TEST CIRCUIT 
Figure 15.71 


Qs* is a function of collector voltage variation and collector current. Thus, meas- 
ments are made for various Vcc and Ri combinations. The following steps are taken 
to obtain Qz* data. 

1. Voc is determined first. Several values of Vcc will be necessary to determine the 


full Qs* picture; however, data is taken for one Vcc value and various Rx values. 
Vee values of interest range from BVcro value to a value of 1 or 2 volts. 


2. The unit is now inserted into the test socket. 


3. The product C(Vin — Vue) is the charge which is placed into the transistor to 
bring it to the edge of saturation. A value of Vin is chosen which is sufficient to 
permit enough charge to pass into the base of the transistor to bring it to the 
edge of saturation. This, of course, will also depend upon the range of capaci- 
tance available. Vin is normally between 5 and 20 volts, so that Vin>>Var. 
The capacitor used should be carefully chosen for large variation so as to render 
the test set more valuable. 


4. With Vcc and Vin adjusted, data can be taken. Record the values of Vcc and 
Vin. A typical oscilloscope pattern is shown in Figure 15.72. 
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As C is increased, the peak of the waveform will approach Verisam. Coo is 
the value of capacitance necessary for the peak to reach 90% of the waveform 
from Vec to Verisam, while Cioo is the value of capacitance necessary for the 
peak of the waveform to reach Versa). 


5. Qr*oo and Qs*i are the products of Co (Vin — Var) and Cio (Vin — Vax) re- 
spectively. Qz* values are then plotted against Ics (i-e., Vec — Vera) as shown 
in Figure 15.73. Ru 
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Q:* PLOT VS. Ics 
Figure 15.73 


These plots are generally linear over a wide collector current and voltage 
range for alloy and diffused transistors. The intercept on the Qrn* axis is called 
Qc and is the part of Qz* which varies with collector voltage. The part of Qz* 
which varies with Ics is called Qz. Thus, Qn* = Qs + Qe. 

Qs and Q¢ can also be plotted separately if desired. 


CALIBRATION OF CAPACITOR, C, ON Qs* TEST SET 
A simple method of calibrating the capacitor on the Qzn* test set is available if the 
circuit in Figure 15.74 is used. The fact that the reactance of the capacitor at 1.59 mc 
(frequency chosen for convenience) is large compared to 102, permits the 10 ohm 
resistor to be used as a current measuring device. Looking at the equations 
Xc = (29 f ey 
Vin = 1 Xe 
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or, 
Gla (ae f Xe)! 
=% I 
On £ Vin 
If Vin = 1 volt RMS and f = 1.59 mc, then, 
Cc =(D 10" 


Using the 10 ohms to measure current, 
I = Vsz/10 ohms 
therefore, 
C =Vsz (10*). 
Thus, the VIVM reading, Vx, is used to calibrate C, and .1 mv RMS indicates 1 pf, etc. 
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STRAY CAPACITANCE MEASUREMENT 
Figure 15.75 


If it is desirable to know the stray capacitance from the base to emitter in the 
test circuit, a similar measurement can be made as shown in Figure 15.75. The variable 
capacitor is set at a known value, say Gi, so 

Oieny = Vr GEO) = (On 

Note that in this determination of stray capacitance the normal circuit reference 
has been changed. Care must be taken to insure that the old reference is not shorted to 
the new test reference. 


REGULATED DC SUPPLY 
AND INVERTER CIRCUITS 


CHAPTER 


REGULATED DC SUPPLY 


The regulated supply of Figure 16.1 is a conventional circuit using a series regu- 
lating element. With Ql mounted on a 2” x 2” x 3$2” aluminum fin the circuit can 
operate in an ambient temperature up to 70°C. At higher ambient temperatures a heat 
radiator should be used on Q2, or a higher Zener regulating voltage could be used to 
decrease the dissipation in Q2. 
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REGULATED DC VOLTAGE SUPPLY 
Figure 16.1 


Q1 requires a Vcrx capability equal to the unregulated output voltage of the bridge. 
The voltage rating for Q2 must be equal to the difference between the regulated out- 
put and the Zener voltage. 


Figure 16.2 shows equal regulating ability for all load currents to 350 ma, and 
2% voltage regulation at 400 ma. Improved regulation can be achieved by using a 
Darlington connection for either, or both, Q1 and Q2. 

The peak-to-peak output ripple of the circuit in Figure 16.1 is approximately .24 
volts at 400 ma load current and decreases to .01 volts at no load. The output imped- 
ance is less than 3 ohms from DC to 20 cycles and then decreases to less than % ohm 
at 200 cycles and beyond. The output voltage has no overshoot with step load functions. 
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Figure 16.2 
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PARALLEL INVERTERS 


The parallel inverter configuration shown in Figure 16.3 provides an output that is 
essentially a square wave. By rectifying the output voltage, the circuit makes an 
efficient DC to DC converter in applications such as power supplies. An AC input can 
be rectified to provide the primary power for the inverter, in which case it will func- 
tion as a frequency changer. A square wave drive to this inverter causes Q1 to conduct 
half the time while Q2 is blocking, and vice-versa. In this manner, the current from 
the supply will flow alternately through the two sides of the transformer primary and 


produce an AC voltage at the load. soon 


DC TO AC (SQUARE WAVE) INVERTER 
Figure 16.3 


Tl OF FIG.16.4 °F OF FIG.16.4 

It may be desirable to incorporate the feedback diodes D, and D: if the circuit is 
to be lightly loaded or operated under open circuit conditions. For reactive loads these 
diodes can conduct to supply the out of phase portion of the load current. When the 
inverter switches from Q1 to Q2 an inductive load prevents the main load current 
from reversing instantaneously, so transformed load current must flow through D: and 
back into the DC supply until the load current reverses. The feedback diodes prevent 
the voltage across either half of the primary winding from exceeding the supply volt- 
age. These diodes not only maintain a square wave output under all load conditions, 
but also decrease the voltage requirements for Q1 and Q2. 


The DC source should have a low transient impedance, and a capacitor on the 
output of the DC supply is usually required so it can accept power as well as supply 
power. It is often important to have this capacitor (C,) right at the inverter itself as 
shown in Figure 16.3 since the inductance of the supply leads of a few feet in length 
represents an undesirable impedance during the usec switching intervals. 


For a driven transistor inverter, it is desirable to select a transformer and core 
with a volt-second saturation capability that is at least two times the actual circuit 
requirements. The leakage inductance should be held to a minimum since the trans- 
former will be subjected to rapidly changing currents during the switching interval. 
Bifilar transformer winding is usually used to obtain tight coupling between the two 
primary windings. Since the inverter output transformer (T3) cannot be allowed to 
saturate, its design must either incorporate an air gap, have a high ratio of saturation 
to residual flux density, or be used with predictable reset circuitry. 

The inverter circuit of Figure 16.3 was operated using two stacked AJ-H12 (Amold) 
C-cores (4 mil), in transformer T3. The core gap spacing was .02 inch. This gives about 
a 2:1 volt-second capability at 400 cycles. 

The square wave inverter drive is easily obtained with a transistor multivibrator 
that uses a unijunction transistor to stabilize and control the frequency as in Figure 
16.4.This circuit provides a symmetrical square wave drive which avoids second 
harmonics in the output and also a DC component in the inverter, tending to saturate 
the transformer. 
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SQUARE WAVE INVERTER DRIVE CIRCUIT 
Figure 16.4 


The circuit of Figure 16.4 is a slightly modified “hybrid-multivibrator,” described 
in more detail in Chapter 13. The unijunction transistor provides a source of short, 
precisely timed negative pulses with the period between pulses depending on the 
C.R: time constant. These pulses are coupled to the common emitter resistor of a con- 
ventional transistor flip-flop (Q3 and Q4). Each pulse from the unijunction transistor 
will turn off the transistor which is on in the flip-flop and the resulting square wave 
of voltage at the collectors is coupled to the inverter by a small transformer. D3 and 
D4 are used to prevent the emitter-base voltage of Q3 and Q4 from exceeding ratings 
when a transistor is turned off. 


The multivibrator free runs at about 100 cps, but is synchronized and controlled 
by the unijunction at the higher operating frequencies at which it is designed to 
operate. The Zener diodes form a simple shunt regulator to keep the collector-emitter 
voltage of the transistors within ratings. This circuit has good frequency stability with 
variations in supply voltage and ambient temperature, due to the inherent stability of 
the unijunction. The circuit has an operating frequency range of 400 cycles to 3200 cps 
in an ambient temperature up to 70°C. The output impedance of this square wave 
generator is about 8 ohms and the open circuit voltage is about 4 volts peak. 

With the circuit of Figure 16.4 driving the inverter of Figure 16.3, the inverter 
output voltage waveform across the load is shown in Figure 16.5. The efficiency of 
the square wave inverter (Figure 16.3) is 80 to 85% in the 400 to 3200 cycle frequency 
range. 
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Figure 16.5 


DC TO DC CONVERTER 


A full wave bridge (1N538’s) between the secondary and the 500 ohm load of 
Figure 16.3 will rectify the 3200 cycle square wave shown in Figure 16.5(b) to give 
90 volts DC output. With 100 uf electrolytic capacitor across the load, the ripple is 
less than % volt peak-to-peak. The overall DC to DC efficiency is about 80% with 
16 watts output. 


REFERENCES 


“General Electric Silicon Controlled Rectifier Manual,” 2nd Edition (1961). 
“Notes on the Application of the Silicon Unijunction Transistor,” G-E Application Note 90.10. 


CE ERNST TAOER ET SSE TG RSE ERSTE Sat eg EC UNE ee SS  o  a S 


SILICON SIGNAL DIODES 


CHAPTER 


Semiconductor diodes are used extensively in all types of electronic circuitry. The 
various application chapters in this manual illustrate many of the applications in which 
diodes are used, from detectors in radio receivers to gating and logic elements in com- 
puter circuits. The first semiconductor diodes, made before the invention of the tran- 
sistor, were silicon point contact diodes used as detectors in radar receivers. Later, 
germanium point contact diodes and gold bonded diodes were introduced which 
could be used in a variety of applications. The demand for high operating tempera- 
tures and low leakage currents led to the development of the silicon alloy junction 
diode and the silicon diffused mesa diode. The reliability and superior electrical char- 
acteristics of the silicon diode together with declining prices has caused it to be used 
in place of germanium diodes in an increasing number of applications. 


PLANAR EPITAXIAL PASSIVATED SILICON DIODE 

Silicon diodes can be made using any of the techniques described in Chapter 2 
for transistor fabrication including alloying, growing, meltback or diffusion. On the 
basis of inherent reliability and overall electrical parameters, however, the planar 
epitaxial passivated (PEP) diode structure has proven superior to all others. Some of 
the significant advantages of the PEP silicon diode include: 

1. High forward conductance due to use of epitaxial material. 
Low, uniform, leakage currents due to passivated surfaces. 
Low capacitance due to small planar junction. 
. Low reverse recovery time due to accurate control of lifetime with gold doping. 


we wp 


High reliability due to passivation and rugged mechanical structure. 
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Figure 17.1 
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The cross-section and mechanical structure of a PEP silicon diode in a glass package 
is shown in Figure 17.1. Fabrication of the diode starts with a wafer of low resistivity 
single crystal silicon. A thin epitaxial layer of high resistivity silicon is grown on the 
wafer. A layer of silicon oxide is formed over the entire wafer and the oxide is removed 
from small circular “windows” by means of photographic techniques. The planar 
junctions are then diffused through the windows in the oxide. Gold is plated on the 
back of the wafer and diffused into the wafer at a temperature determined by the 
required reverse recovery time. The wafer is cut into pellets each forming a complete 
diode, and contacts are made to the front and back of the pellets. Each pellet is then 
mounted in a glass package and the package is sealed. 

Formation of the junction under a stable silicon oxide layer results in a passivated 
diode which is immune to contaminants which plague other types of silicon diodes. 
The effectiveness of the passivation is substantiated by a tight distribution of reverse 
leakage current, a parameter which is usually very sensitive to surface conditions, and 
by the close correlation between the measured values of the electrical parameters and 
the theoretical values. The use of an epitaxial structure reduces the bulk resistance of 
the diode and thus makes it possible to achieve simultaneously a high conductance 
together with a low capacitance and a low reverse recovery time. 


DC CHARACTERISTICS 


The characterization of the PEP silicon diode is greatly simplified by the close 
correlation between the theoretical and the actual parameters. The d-c characteristics 
are generally specified by means of the following parameters and characteristic curves. 
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TYPICAL FORWARD DC CHARACTERISTICS OF PEP SILICON DIODES 
Figure 17.2 
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1. Forward Voltage. The maximum value of the forward voltage, Vr, is generally 
specified at one or more values of forward current, Iv. For controlled conductance 
diodes such as the 1N3605, 6, 8, and 9 both the minimum and maximum values of 
forward voltage are specified at six values of forward current. The relationship between 
the forward voltage and forward current for a typical PEP silicon diode is shown in 
Figure 17.2 at three values of ambient temperature. The shaded area indicates the 
guaranteed range of forward characteristics for the controlled conductance types at 
25°C. The tight control of forward conductance is very desirable in the design of 
diode logic circuits where it permits greater design margins or additional logic stages 
(see Reference 1). 


The forward d-c characteristics of the PEP silicon diodes closely follow the theo- 
retical equation 


<A q(V — Ir Rs) 
Ir = Is [ ex were sa — 1] (17a) 


where 

Is = diode saturation current 

Rs = diode series ohmic resistance 

q = electronic charge (1.60 x 10-” coulomb) 

K = Boltzmanns constant (1.38 x 10 watt sec/°K) 

T = absolute temperature (°K) 
The parameter 7 in the equation is dependent upon the impurity gradient in the junc- 
tion and the carrier lifetime in the semiconductor material. At low values of forward 
current, carrier recombination in the junction depletion layer is the predominant 
factor in determining the relationship between forward voltage and current and » = 2. 
At high values of forward current the relationship between forward current and voltage 
is determined primarily by minority carrier diffusion and » = 1. The characteristics of 
the PEP silicon diode can be approximated with reasonable accuracy by assuming that 
n = 2 over the entire current range. At 25°C this gives »KT/q = .052 volt. The 
dynamic resistance, rp, of the diode at a forward current, Ir, is given by the equation 


rp = XT 1 R, (17b) 


q Ir 
2. Breakdown Voltage. The breakdown voltage, By, is normally specified at a 


reverse current of 5 ua. The breakdown voltage increases with temperature up to the 
point where the reverse leakage current becomes comparable with the current at which 


the breakdown voltage is measured. 


3. Reverse Current. The reverse current, Ir, is specified at a voltage below the 
breakdown voltage. The reverse current increases exponentially with temperature as 
indicated by the equation. 


Tr = Ino exp 6 (T — T.) (17c) 


where Ik is the reverse current at temperature T, Iro is the reverse current at tempera- 
ture T,, and 4 is the fractional increase of Ir with temperature. For the PEP silicon 
diodes 6 = .055/°C. The reverse current will increase by a factor of ten when the 
temperature is increased by 2.30/6 = 42°C. At low values of reverse voltage the 
reverse current is proportional to the square root of the voltage owing to the spreading 
of the depletion layer. At values of reverse voltage comparable to the breakdown 
voltage, the reverse current increases rapidly due to avalanche multiplication and 
localized breakdown effects. 
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AC CHARACTERISTICS 


1. Capacitance. The capacitance normally specified for a diode is the total capaci- 
tance which is equal to the sum of the junction capacitance and the fixed capacitance 
of the leads and the package. The capacitance, C., is specified at a frequency of 1 mc 
with zero applied bias. Since the typical capacitance of the PEP silicon diode is less 
than 1 pf it is necessary to use a three terminal bridge configuration to achieve an 
accurate measurement. The junction capacitance is inversely proportional to the square 
root of the reverse voltage and increases linearly with temperature. 


2. Rectification Efficiency. The rectification efficiency, Re, is defined as the ratio 
of DC load voltage to peak rf input voltage to the detector circuit, measured with 2.0 
volts rms, 100 mc input to the circuit. Load resistance is 5K and the load capacitance 
is 20 pf. The rectification efficiency is determined primarily by the conductance, reverse 
recovery time, and capacitance, and provides an indication of the capabilities of the 
diode as a high frequency detector. 


3. Transient Thermal Resistance. The transient thermal resistance of a diode is 
presented by a curve showing the instantaneous junction temperature as a function of 
time with constant applied power. This curve permits a determination of the peak 
junction temperature under any type of pulsed operation. By means of a simple 
analytical procedure, described in Reference 2, this curve can be used to determine 
the peak junction temperature under any type of transient operation and hence pro- 


vides a valuable method of insuring the reliable operation of diodes in pulse circuits. 


4. Forward Recovery Time. If a large forward current is suddenly applied to a 
diode, the voltage across the diode will rise above its steady state value and then drop 
rapidly, approaching the steady state value in approximately an exponential manner. 
This effect is caused by the finite time required to establish the minority carrier density 
on both sides of the junction. The forward recovery time is the time required for the 
diode voltage to drop to a specified value after the application of a step of forward 
current. The forward recovery time increases as the lifetime or the resistivity of the 
semiconductor material is increased. For a given diode the forward recovery time 
increases as the magnitude of the forward current step is increased, and decreases as 
the forward current flowing prior to the current step is increased. If the amplitude of 
the forward current step is sufficiently small the effect of the junction capacity will 
predominate and prevent the diode voltage from overshooting its steady state value. 
For most diodes, particularly the PEP silicon diodes, the forward recovery time is much 
smaller than the reverse recovery time and can be neglected in most applications. 
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TYPICAL DIODE REVERSE TRANSIENT WAVEFORMS 
Figure 17.3 
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5. Reverse Recovery Time. When a forward biased diode is subjected to a reverse 
voltage step, a large reverse current will flow for a short time as a result of the stored 
charge consisting of the minority carriers on both sides of the junction. The typical 
voltage and current waveforms involved are shown in Figure 17.3. Initially, a current 
Ir is flowing in the diode and a voltage Vr appears across it. When the reverse voltage 
step occurs at t = 0 a reverse current I flows which is determined by the magnitude 
of the applied voltage and the loop impedance of the circuit. At the same time the 
forward voltage decreases by an amount approximately equal to (Ir + In) Rs due to the 
reversal of the current through the diode. The reverse current remains constant at In 
for a time ta (the constant current phase) and then rapidly decreases, approaching the 
d-c reverse current value. At the same time the diode voltage goes negative and 
approaches the value of the applied reverse voltage. 


The reverse recovery time of a diode, t:r, is specified as the time between the 
application of reverse voltage and the point where the reverse current has dropped 
to a specified value, Ir. The specification must also include the forward current, Ir, 
the initial reverse current, I,, and the loop impedance of the test circuit. The specifi- 
cation of the reverse recovery time of diodes is difficult to use for circuit design pur- 
poses because the recovery time is given only for one arbitrary test circuit and bias 
condition. Due to the wide variety of possible circuit arrangements and bias conditions 
encountered in diode applications, it is impossible for the manufacturer to control and 
specify the reverse recovery time corresponding to each special condition encountered. 
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Figure 17.5 


However, for most design requirements an accurate estimation of the reverse recovery 
time can be obtained by use of a quantity called the effective lifetime, 7, and the 
ratio of the forward and reverse currents. Figure 17.4 can be used for this purpose 
together with Figure 17.5 which gives the typical effective lifetime of the PEP silicon 
diode as a function of temperature for various values of forward current. 
The use of Figures 17.4 and 17.5 in estimating the reverse recovery time of a PEP 
silicon diode can be best described by means of the following design example. 
Problem: Estimate the typical recovery time to 5 ma reverse current (In:) when 
the forward current is 20 ma (Ir) and the initial reverse current is 15 ma 
(Ir) at a temperature of 75°C. 
Solution: Enter the left side of Figure 17.4 at In/Ir = 15/20 = 0.75 and follow 
horizontally (dotted line) until the t, vs. In/Is line is reached. From the 
t/r scale on the horizontal axis, it is seen that ta = 0. 317. The tp portion 
of the curve is estimated by moving downward parallel to the general 
contour lines until reaching the line corresponding to Irs/Ir = 5/20 = 
0.25. The total switching time is thus 0.447. From Figure 17.5 the effec- 
tive lifetime at Ir = 20 ma and T; = 75°C is 6.0 nsec, hence the calcu- 
lated values are: 
constant current phase ta = (0.31) (6.0) = 1.86 nsec. 
reverse recovery time tr; = (0.44) (6.0) = 2.64 nsec. 
For additional material on the reverse recovery time of diodes see References 3 and 4. 
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DIODE ASSEMBLIES 


The PEP silicon diodes are available in matched pairs and matched quads for use 
in applications where close matching in the forward characteristics is required. These 
units are sealed in small epoxy packages to preserve the identity of the diodes and 
minimize temperature differentials between diodes. The diodes used in these assem- 
blies have all the high performance capabilities of the standard PEP silicon diodes 
and in addition are matched to within very close limits for Vr over a range of forward 
current from 100 ya to 50 ma and over a range of temperature from —55°C to +125°C. 


These assemblies are used in discriminators, gating circuits, choppers, ring modula- 
tors and ring demodulators where the highest performance and reliability are required. 
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CHAPTER 


Of the many advantages which arise from the use of semiconductor devices in 
place of vacuum tubes, probably the most fundamental has been their long, reliable 
life expectancy. Early in semiconductor device development this was more anticipation 
than realization; but, by now, average failure rates of less than 0.01% per 1000 hours 
have been demonstrated in actual use“ and life tests of longer than 40,000 hours (see 
Figure 18.9 — F and G) have shown that “wear-out” in semiconductors, if it actually 
exists, does not occur in the normal useful life of most electronic equipments. 


Reliability is a measure of how well a device or a system can be expected to satisfy 
a set of performance requirements for a given period of time under a specified set of 
operating conditions. To be exact, this measure is the probability of successful perfor- 
mance. The basic reliability problem consists of two essentially different, but related, 
subproblems. This fact is frequently overlooked in current reliability thinking. The 
first, and by far the most important of the subproblems is that of designing, producing, 
and applying the device so that it actually will have the required reliability. The 
second subproblem, and the one which frequently receives all the attention, is the 
measurement of the reliability. It is not implied that measuring reliability is not im- 
portant; but it is necessary to realize that the measurement of reliability in itself does 
not increase reliability. This difference becomes particularly important when the eco- 
nomic feasibility of lot acceptance tests to demonstrate extremely low failure rates is 
considered. 


In both the achievement and measurement of reliability, there are major differences 
between systems and devices. In general, the system or equipment has to perform a 
somewhat narrowly defined function under a relatively narrow set of conditions for a 
relatively fixed period of time. For devices such as semiconductors which are mass 
produced, the ranges of applications, operating conditions, and required length of 
life are extreme. One transistor type in one application may be employed as a small 
signal i-f amplifier in a missile whose useful life is measured in minutes, and in another 
application may be employed in an air conditioned well maintained computer in a 
high level flip-flop where years of life are required. This diversity necessitates extreme 
care in the design, production, and evaluation to assure that the device will provide 
the required performance. 


It is the purpose of this chapter to explain the factors which determine semicon- 
ductor reliability, and the techniques used in its measurement and to illustrate these 
with typical device reliability characteristics. 


ACHIEVING RELIABILITY 


The achievement of reliability can only be realized through the proper application 
of devices which have been properly designed and properly produced. Any attempt to 
make one or two of these elements bear all the burden will result in higher costs and 
less than optimum performance. For example, placing excessive reliance on safety 
factors in application will result in heavier, bulkier, and more costly equipment which 
frequently will be slower in operation or be marginal in some other operational char- 
acteristic. Similarly, in device design, the specifying of a critical process in order to 
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obtain high performance will be paid for by uncertain yield and reliability. One 
aspect of the interdependence of these three factors in reliability which frequently is 
not sufficiently appreciated is the importance of feedback, feedback from the users of 
components to the producers and feedback from the production organization to the 
design organization. Most manufacturers have quite tight feedback paths between 
production and design. However, feedback from the “field” is generally much more 
difficult. A characteristic of many General Electric semiconductor devices is the means 
of permanent lot identification of each unit — which means that if at any time a unit 
should fail or exhibit unusual behavior, production records can be analyzed to deter- 
mine possible causes. As this type of feedback continues, “field” experience can be 
factored into both production and design. 


DESIGN FOR RELIABILITY 
Mechanical Ruggedness 

Mechanical ruggedness is a reliability must, not only for the end use but for the 
handling necessary to incorporate the device into an equipment. Mechanical rugged- 
ness is achieved in design through incorporation of rigid assemblies, low mass, low 
moments of inertia, and through elimination of mechanical resonances in the normal 
range of vibration and shock excitation. 


Thermal Ruggedness 
As important as mechanical ruggedness is thermal ruggedness. This is the ability 
to withstand rapid and extreme changes in temperature — whether caused by internal 
power dissipation or by external environmental changes.” The principles which are 
followed to assure reliability here are 
1. The use of materials with matched temperature coefficients of expansion, and 
the use of hard solders to reduce the likelihood of metal fatigue 
2. A low thermal resistance between junction and case to reduce thermal rise 
under power dissipation 
3. The use of matched coefficient oxide seals in the headers to maintain a hermetic 
seal over wide temperature ranges. (Hard glasses and special metal alloys such 
as Fernico, Kovar, or Rodar are used to make these seals.) 


Surface Protection 

Surface protection is one of the most critical factors in the design and production 
of semiconductor devices. General Electric device designs make use of one of two 
basic principles of surface protection — encapsulation in an inert atmosphere with a 
getter to maintain a satisfactorily low partial pressure of moisture; and passivation 
which is a process of deactivating and isolating the silicon or germanium surface with 
a chemically bonded protective film which shields the active surface from the influence 
of the gaseous environment and any contaminants which might come in contact with 
the surface. The first of these — internal atmosphere control — provides stability by 
initially establishing an internal atmosphere which gives satisfactory performance and 
then maintaining this condition by means of the getter. The getter is a material whose 
selective absorption characteristics have been chosen to provide maximum capacity 
for the removal of water vapor. The actual internal gaseous environment and getter 
must be selected specifically for each semiconductor design to optimize performance 
and reliability. 


Passivation protects the surface of the semiconductor device by deactivation and 
by isolation.” Deactivation is the satisfaction of the unsaturated bonds of the semi- 
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conductor surface atoms by the formation of stable chemical bonds with a surface 
protecting film. The satisfaction of these unsaturated bonds greatly reduces the effect 
that electric fields have on the semiconductor behavior. 

Isolation provides further stability by reducing the intensity of the electric fields 
reaching the semiconductor from charges residing on the outer surface. The thicker 
this passive layer or film, the greater the isolation. Furthermore, the passivation film 
will reduce the field intensity at the outer surface caused by the voltage across the 
junction depletion layer. This will reduce the tendency for surface contaminants to 
ionize and thus lead to still further device stability. Even in the case of passivated 
surfaces, the surrounding environment will exert some small influence and so for 
maximum stability it is desirable to provide a hermetic encapsulation. 

In the case of the controlled environment method of surface protection it is obvious 
that hermetic encapsulation is essential. For these reasons, almost all transistors are 
hermetically sealed. Matched coefficient oxide seals give maximum assurance of a 
hermetic seal over wide temperature ranges. Although the use of copper leads and 
compression seals reduces the likelihood of lead breakage under severe installation 
conditions, it appreciably increases the danger of seal leakage and early failure 
caused by the influx of moisture and other contaminants. The cap to header weld, 
another important element of the seal, must be designed through proper shaping of 
cap, header, and welding electrode to give further assurance of a hermetic seal while 
eliminating the harmful effects of weld splash in internal contamination. 


Post Fabrication Processing 

The factors brought out so far have dealt with the construction of the device. 
Certain elements of the design involve post fabrication processing. The most important 
of these is the stabilization performed on each unit. This is usually a high temperature 
bake for a period of days, the length of time depending on the device type. 

The most important results of the high temperature bake is bringing the surface 
and the internal environment into equilibrium. In the case of devices using internal 
atmosphere control through getters, it is important to bring the internal surfaces of 
the device, the getter, and the internal gas itself all into equilibrium. Even though 
caps and headers may be prebaked at very high temperatures prior to fabrication, 
there is a certain amount of moisture and other gases that will be gradually evolved 
after fabrication. Furthermore, the getter will start acting on the gases in the unit as 
soon as it is welded. It is important to complete these changes and reach equilibrium 
prior to final testing so that the finished product will be stable. High temperature 
baking will in most cases accomplish this in a matter of a few days or a week. 

In the case of devices where surface protection is provided by passivation, the 
stabilization bake is of much less importance. However, even well passivated units 
responds to a small degree to changes in internal atmosphere. A high temperature bake 
accelerates this process to give the ultimate in stability to the finished product. 


Reduction of Critical Processing 

One of the responsibilities of product design when considering reliability is to 
reduce the critical nature of the manufacturing operation. When fabrication operations 
are critical, the vigilance of inspectors and quality control personnel must be increased 
and even then, some marginal units will slip through. By designing the product so 
that normal production tolerances will not produce early failures, the likelihood of 
marginal or poor units being delivered to the customer is greatly reduced. Poor units 
can then only be produced when the process is out of control and this situation can 
be readily monitored by the quality control function. 
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Many of the factors previously mentioned in connection with design for reliability 
also are important in connection with reducing the critical nature of manufacturing. 
For example, matched coefficient oxide seals are more easily produced without leaks 
than are compression bonds, resistance welding of the cap to header seal produces a 
more consistent seal than solder seals. The shaping of cap, header, and electrodes 
reduces the probability of weld splash contaminating the surface, the use of hard 
solders eliminates the need for fluxes and thus greatly reduces the chances of surface 
contamination. Gettering and passivation reduce the criticalness of many steps in 
production providing a major reduction in the probability of fabricating faulty units 
which could fail in operation. 


Examples of Reliable Design 


Figures 2.8 through 2.11 show how these reliability design principles have been 
incorporated into General Electric transistors. 


PRODUCTION FOR RELIABILITY 


Device reliability cannot be obtained through a design alone. The manufacturing 
operations must be established and maintained to assure that the design is actually 
followed — that is, the process must be kept in control. The most important factors 
pertaining to this element of reliability are workmanship, materials, environment, 
tools, screening, and quality control. 


Workmanship 

Of all these, workmanship in the broad sense is the most important since the skill 
and attitude of every operator, maintenance man, inspector, and foreman contributes 
to the overall quality. Even in those cases of high level mechanization where need 
of human judgement and skill are greatly reduced in the direct fabrication steps, main- 
tenance and control personnel, incoming material inspectors, and many others require 
high levels of skill to achieve reliability in the product. Factors which contribute to a 
high level of workmanship are morale, careful selection and training of personnel, 
managerial attitude toward quality (for example in General Electric Semiconductor 
Products Department, there are no piece rates; the emphasis is on making transistors 
right rather than making them fast), and performance feedback. This last point will 
be amplified in the section on quality control. 


Materials 

The quality of the materials going into the finished product can be maintained at 
a high level through a combination of vendor control and incoming inspection. Vendor 
control starts with an evaluation of the vendor’s product and of his facilities for con- 
sistently producing a high quality material. The second step is to maintain a rating 
on his performance combining price, service, and quality. This affords a factual basis 
for the selection of the best source for each material and a measure of the consistency 
of performance. 


Most materials, particularly the direct materials can be subjected to an incoming 
inspection in the normal manner. A random sample of each lot can be taken and 
tested for the required characteristics. Failure to meet the requirements is cause for 
lot rejection. In those cases where screening is practical, failed lots may be screened 
to eliminate the faulty material and then resubmitted. 


There are certain materials where this normal method is not applicable. Such situ- 
ations arise in connection with the ultra-pure water used for cleaning and with gases 
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used in flushing and capping. The most appropriate manner by which to control the 
quality of these materials (in addition to adequate “vendor control”) is to monitor the 
appropriate characteristics as the materials are used. This can be done in most cases 
by automatic recording monitors which have out-of-range warning indicators which 
forcibly bring to the attention of the production personnel that the material is out of 
limits. Typical characteristics which may be monitored are gas purity, dew point, and 
water resistivity. 


Environment 


One of the most important factors in the manufacture of reliable semiconductors 
is the manufacturing atmospheric conditions, particularly humidity and dust. To 
reduce the effects of these factors to a minimum, snow-white and dry-box areas should 
be used for most operations, especially those after the device has been etched and 
cleaned. 


The snow-white areas are rooms within rooms designed for the minimum tendency 
to collect dust and maximum ability to be cleaned. All air entering the areas should 
be filtered and a positive pressure should be maintained in the snow-white room so 
that any airflow is outward. All entrances into the rooms should have special shoe 
cleaning facilities. These areas should be vacuum cleaned regularly to remove what 
dust inevitably will leak in. To assure that the snow-white facilities are in order, dust 
count, temperature, and relative humidity should be monitored and recorded continu- 
ously with provisions for out-of-limits warning signals. 


The dry-box is a further means of controlling the atmosphere in which manufac- 
turing operations are performed. This technique is used where relative humidities are 
required which would be detrimental to operator health or where inert cover gases 
are required. The dry-box is an enclosed chamber completely sealed with trap doors 
for loading and unloading, and built in rubber arms for the operators to use for han- 
dling the devices. 


Tools 

Another important factor in manufacturing reliable semiconductor devices is the 
tooling — both design and maintenance. Important characteristics of the tooling are 
that it requires little or no judgement on the part of the operator, that it be able to 
be set up readily and repeatably, and that it facilitate preventative maintenance. 


In-Process Inspection and Control 

In-line control and inspection is the means that should be employed to assure that 
the product at each stage of production is within specification. This can be accom- 
plished by monitoring the operating conditions of the tools such as fuzing tempera- 
tures, etch currents, by monitoring the characteristics of the water and gases being 
used and the environmental atmosphere as have been described, and by inspecting 
the product itself, electrically, mechanically, and visually. The importance of this 
aspect of reliable production cannot be over emphasized since this is the point where 
corrective action is most rapidly and effectively applied. This is the point where 
quality control can prevent poor production rather than reject it. Careful records of 
operators, materials, and machine maintenance will permit pinpointing and elimina- 
tion of trouble spots. All reliability problems will not show up as defects detectable 
by these means; however, long experience has shown that an increase in the occur- 
rence of those defects which can be thus detected are generally associated with a 
decrease in reliability. 
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Screening 


However, as the mechanisms of failure for each type of semiconductor device 
become known, means can be developed to screen out potential early failures. It must 
be emphasized that no two types of transistors necessarily have the same failure 
mechanisms, that no two products made by two different manufacturers, even though 
the same type, necessarily have the same failure mechanisms, and that no two products 
made at different times, even though the same type and made by the same manufac- 
turer, necessarily have the same failure mechanisms. Therefore, reliability screening 
procedures must be determined separately for each product for each manufacturer 
for each period of time. The screening techniques generally are combinations of 
mechanical and environmental stresses utilizing device electrical parameter perform- 
ance as criteria of quality. Almost all semiconductor products manufactured have 
passed through a reliability screen to some extent, but those products for use where 
the ultimate in reliability is required have very extensive screens. This subject will be 
covered in detail in a later section. 


Finished Product Quality Appraisal 


It is not enough to set up a production line that can make a reliable product. It is 
necessary to provide some means of assuring that it has made a reliable product. That 
is one of the purposes of the quality control function in most semiconductor device 
manufacturing operations. This can be accomplished by properly sampling each pro- 
duction lot. The production lot may be defined as anything from a part of a day’s 
production to a full month’s production, but is most often considered as a week’s pro- 
duction. The samples should be tested for conformance to the specified electrical, 
dimensional, and workmanship characteristics. In addition, they should be subjected 
to the specified mechanical and environmental and life test stresses. Certain of these 
sample tests should be restrictive, that is, if the sample fails the established criteria the 
lot should be rejected. Others of these tests may be for informational purposes only, 
used for optimizing the line performance or ascertaining the degree of safety factor 
between the product capabilities and the specification requirements. 


A frequent characteristic of such testing is the use of failure criteria which are 
unrealistically tight compared to the normal use requirements (such as allowing only 
small percentage shift of the transistor current gain, or a failure definition of leakage 
current one or two orders of magnitude less than which would cause ordinary circuits 
to fail). This is done to provide a more sensitive control of production line performance. 


Quality Control 


In most semiconductor manufacturing operations the quality control function not 
only carries out the end-of-line acceptance tests outlined above, but audits the many 
inspection and control operations in the incoming material and in-process areas as 
well, to make certain that they are being properly carried out. This provides an inte- 
grating means of tying together the great number of reliability factors important in 
production. A feature of General Electric transistors which makes this integration 
more effective is the date coding of each unit. Each transistor has embossed in its cap, 
just prior to main seal weld, a symbol which permanently identifies the time of pro- 
duction. This identification can be used to relate reliability problems with the many 
variables which are monitored at the various points in production. As has been pre- 
viously mentioned this can also help to identify causes of failure in the field. 


APPLICATION FOR RELIABILITY 
A perfect semiconductor device can exhibit very poor reliability if it is misapplied. 
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Reliable performance in equipment can only be achieved by selecting a device whose 
characteristics match those required by the function to be performed. This matching 
starts with the function to be performed and includes consideration of the environ- 
mental conditions and length of time of operation, the basic circuit configuration, the 
operating biases, the circuit margins allowed for, and the characteristics of the device 
itself. It is obvious that this matching process involves many interacting steps. Thus, 
to optimize the overall reliability requires much cut and try. For example, too much 
conservatism in circuit margins or derating on the device may make the individual 
sections of the equipment very reliable; but because the performance of the individual 
sections has been reduced, more sections are required resulting in an equipment with 


less overall reliability. 


Function 

The first step in applying semiconductors for reliable performance is to determine 
the circuit function to be performed. In many cases this is merely a matter of enumer- 
ating certain input, output, and transfer functions. However, in general, and for truly 
optimum equipment design, this step is part of the overall systems reliability design. 
There are usually many ways of solving a systems problems involving significantly 
different performance characteristics of semiconductors with resulting significantly 
different reliabilities. Control systems can be all electronic or they can be electro- 
mechanical. The requirements on the semiconductor devices are much different and so 
might be the overall reliability. A communications system can be strictly analogue or 
it can make use of pulse code modulation. Again the requirements on the semicon- 
ductors and the overall reliability will differ drastically. The application of semi- 
conductor devices for optimum reliability starts with the recognition of their particular 
characteristics and the incorporation of this into the overall system design. 


Time 

The second matching step has to do with time. The length of time that the equip- 
ment must perform may in many cases be the least controllable of the matching factors; 
however, frequently the length of time that a portion of the equipment must operate 
can be adjusted to improve a match. The element of time enters, in this manner, into 
the question of whether the equipment is subject to preventative maintenance, is 
reparable, or is a throw-away. Frequently when designing equipment from which very 
long life is expected, appreciable improvement in reliability can be achieved by utiliza- 
tion of the throw-away design since, if potting of the equipment or subassemblies is 
used, much better thermal characteristics can be obtained in the packaging. This, as 
will be shown below, will be beneficial. Furthermore, ability to withstand mechanical 
abuse will be greatly improved. The throw-away design will also frequently reduce 
the number of sockets and connectors which further improves overall reliability. 


Environmental Conditions 

Some portions of the environmental conditions in which the semiconductor device 
will be required to function are sometimes beyond the control of the equipment 
designer, Generally, however, he has control over most conditions over at least a lim- 
ited range. Generally speaking the ruggedness of semiconductor products minimizes the 
concern regarding the mechanical conditions which might be encountered in equipment. 
However, occasionally, it is found that unusual combinations of equipment packaging 
arrangements may set up resonances which will cause excessive stress in shock or vibra- 
tion. These must be guarded against. Furthermore, there are some special application 
where such environments as high level acoustic noise or nuclear radiation are to be 
encountered. In these cases, particular attention must be given to selection of devices 
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best able to withstand these stresses as well as to protective measures which may be 
taken to reduce the level of the stresses. 

The most important environmental factors which must be considered in reliability 
design are associated with temperature. Over the useful operating range, the higher 
the temperature the higher the failure rate is a safe rule. Furthermore, temperature 
cycling will tend to increase the failure rate relative to temperatures within the cycling 
range. (This will be discussed in detail in the section on failure mechanisms.) Once 
again, therefore, it is necessary to balance requirements on the system such as ambient 
temperature control or cooling against the improvement in failure rates to be obtained. 


Circuit Configuration 

The recommendations so far have dealt primarily with the impact of the device on 
the system. Let us now consider the circuit design itself. A basic concept that should 
be followed for the design of reliable equipment is to make use of circuit configura- 
tions which have prime dependence upon the most stable semiconductor device char- 
acteristics and least dependence upon those characteristics which are least stable. 
Those transistor electrical characteristics which are most stable for most transistor 
types, both over temperature and time, are common base forward current gain (hm, 
hrs), the common base breakdown voltage (BVocno), the input V-I characteristic — either 
common base or common emitter (Ves, Var), and the output V-I characteristic in the 
“on” condition — either common base or common emitter (Versa, Vercsat). The least 
stable characteristics are the leakage currents (Icno, Icro, Iczr, etc.), the common emitter 
breakdown voltage (BVcro), and the common emitter forward current gain (hte, hrx). 

Consideration of this list points to the advantage of digital or on-off circuits which 
are primarily dependent upon the Vax and Verc«ar and must only be designed for a 
minimum value of hrz and a maximum value of leakage current. Where analog circuits 
are required, biasing methods which place most emphasis on hrs and a minimum on 
hre and Icro should be used. (See Chapter 7 on Biasing.) Feedback can frequently be 
advantageously employed, both within a single stage and around several stages, to 
minimize the effect of current gain variations and essentially reduce the requirement 
on this parameter to being above some minimum value. 


Operating Biases 

A second circuit consideration for reliability is the choice of operating bias condi- 

tions. This is a very confused and uncertain area for two reasons: 

1. The effect of voltage, current, power (temperature gradient within the device), 
and junction temperature on reliability depend considerably on the failure 
mechanisms to which the various devices may be susceptible 

2. The ratings, which are usually used as the reference point for operating condi- 
tions for any particular device, are not consistently established relative to reli- 
ability either from device to device, manufacturer to manufacturer, or even 
stress to stress. It is obvious from this that blanket derating rules are of little 
value. 


If we look at rating practices for the individual stresses we would find that 

1. Voltage ratings usually are established as the breakdown voltage in one or more 
configurations leaving no margin of safety (furthermore, in some cases BVcrr or 
BVcxs, which are always larger than BVcro, are specified and thus the ratings 
are not always applicable to all circuit conditions) 

2. Maximum collector current is sometimes rated at a level at which the forward 
current gain drops to a uselessly low level, completely unrelated to reliability 
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3. Storage temperature is usually rated at the low end on the basis of what the 
customer would like to see (—65°C or —55°C), but sometimes at the lowest 
value where internal moisture condensation will not cause malfunction. At the 
upper end it is usually rated on the basis of life tests although the expected 
failure level may vary widely. 

4. Power is almost always rated on the basis of life test but with a wide range of 
expected failure level. 


Because of the variation in susceptibility of different failure mechanisms to the 
different stresses, because of the variations of the existence of different failure mecha- 
nisms in different device types, and because of the inconsistencies existing in the estab- 
lishment of device ratings, derating should be applied with discrimination. 


Caution should be applied in the matter of transients. Even though the average 
voltage, or the average current, or the average power are well within ratings, extreme 
care should be exercised to insure that voltage spikes (particularly important in con- 
nection with inductive loads) and excessive peak currents do not occur. Either of these 
can cause local hot spot temperatures which when repeated over a period of time can 
cause irreversible shift of parameters and ultimately outright failure. 


Considering derating generally, there are several ways in which it can improve 
equipment reliability. If we assume we are concerned only in the area well away from 
voltage breakdown and hot spots due to excessive current, then we can say, further, 
that reducing the voltage while increasing the current has the advantages of lowering 
the impedance level so that surface effects are of much less importance. 


Keeping the total power low will keep the junction temperature to a minimum and 
thus reduce the total junction temperature swing for which the circuit must be de- 
signed. These advantages will exist independent of improvement in failure rates which 
in the usual range of conditions will decrease with a decrease in stress. 


Circuit Margins 

A third factor in the design of reliable circuits involves circuit margins — the limit- 
ing values of critical parameters at which the circuit will cease to perform satisfac- 
torily. The wider the limit, obviously, the less likelihood there is that a parameter will 
exceed the limit and cause an equipment failure. On the other hand, wider limits 
usually result in lower performance which may decrease overall equipment reliability 
through a smaller system safety factor or through added complexity of more stages. 
An optimum must be established in determination of circuit margins. 


A variation of this same problem of optimization has to do with the circuit per- 
formance considering all components simultaneously. One approach has been to assume 
that all components have their limit values in the worst direction simultaneously and 
design for adequate performance on this basis. Since the likelihood of this extreme 
combination happening in practice is infinitesimal, it is clear that this is too conserva- 
tive for circuit reliability and may result in a less than optimum reliability design for 
the equipment and the system. Since the actual distribution of parameter values in 
temperature and time are rarely if ever normally distributed, the formal regression 
techniques cannot be applied. However, techniques have been developed which make 
more realistic assumptions than the “worst case” design. 


Device Selection 


This section describes the selection of the proper device for the application. The 
first step is to determine which devices have the electrical characteristics required. An 
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important rule to be followed is not to permit any parameter to have a critical role in 
circuit performance unless it is controlled by the specification. Reliance on typical, 
nominal range, or the observed distribution of small samples may be found to have 
been misplaced when production quantities are ordered. 


If the distribution of a parameter is important it should also be specified by such 
means as a median control or by the use of dual min-max limits such that at least 
x percent fall within a tight set of limits and y percent fall within a looser set of limits 
(y>x). An example for hre might be that 80% fall between 45 and 74 and that 99% 
fall within 30 and 90. The importance of specifying all critical parameters has been 
mentioned. It is equally important that parameters which are not important not be 
specified since this will only increase cost and reduce availability. 


The selection of a device must also be based on its anticipated performance under 
the anticipated operating conditions. The first guide to this is the set of ratings for 
each device. However, it has been clearly pointed out that ratings are not at all con- 
sistent. Therefore, prior to even a preliminary selection, reliability data should be 
obtained. Since the user rarely, if ever, has time or money to obtain this information 
from his own testing, the device manufacturer must be able to furnish it. An evaluation 
of this data should be performed considering the life test conditions and end of life 
limits vs. the operating conditions and circuit margins anticipated in the circuit design. 
The derating factors which are to be used here, of course, should be based on as much 
factual data as the device supplier and the equipment designer have available to them 
and should consider the failure mechanisms to which the device is susceptible. Further- 
more, mechanical and environmental test data should be obtained to ascertain that the 
device has sufficient safety factor to withstand those stresses to be encountered in 
the equipment. 

It has been mentioned previously that the matching of device to function is a trial 
and error process since each step influences every other step. Thus, having made the 
first selection based on the above considerations the process should be repeated, re- 
evaluating each compromise in the light of succeeding decisions. 


Manufacturing Precautions 

An extremely important aspect of application which has not previously been men- 
tioned does not have to do with the equipment design, but its manufacture. Some of 
the most severe abuse that a semiconductor device encounters is received in the 
handling during acceptance, installation, and testing in the users plant. Semiconductor 
devices are mechanically rugged but the accelerations experienced when they are 
dropped even a little distance onto a hard surface can run into the thousands of G’s 
and can harm units which are far stronger than necessary for the actual use conditions, 
Handling procedures for semiconductor devices should include provisions for prevent- 
ing such drops and, in areas where the chances are still high, for cushioning the fall 
(such as foam rubber on a bench top where considerable handling is carried out). 

Another means by which mechanical damage sometimes can be inflicted is the 
cutting of leads with a V shape cutting edge. At the time of separation of the portions 
of the leads, there is a high axial acceleration which is transmitted up the leads of the 
device proper. Tools for cutting leads should have a pure shearing action. Ideally 
there are no axial forces —in practice, very little. Machine shears are usually of this 
design. Cutting pliers which have one face vertical should be used for hand work; 
the vertical face of the pliers should face the semiconductor device. 

Ultrasonic cleaning in the past has caused much trouble. When high energy ultra- 
sonic vibrations are applied to semiconductors in the usual cleaning apparatus, the 
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probability is very high that a resonant frequency within the device will be excited. 
The accelerations which are then induced in the resonant portion of the device may be 
tens or even hundreds of times higher than the acceleration at the point of contact to 
the cleaning bath. Precautions which should be taken are to use the lowest level of 
excitation that provides satisfactory cleaning (3 psi average has been found satisfactory 
in many applications), and to monitor the pressure level over all the useful area of the 
bath since in most installations there are wide variations from point to point and time 
to time. It is also beneficial to use mass loading of the circuit board by the holding 
fixture to reduce the amount of acceleration transmitted to the device, to select an 
operating frequency as far removed as possible from any important internal resonant 
frequencies of the components on the circuit board, and to provide maximum stabili- 
zation of the exciter. 


Another important manufacturing step which requires care is soldering. Damage 
to semiconductor devices by machine soldering is no problem since the temperatures 
and times which provide satisfactory soldering will not raise the internal temperatures 
above safe values. However, with hand soldering irons, particular care must be taken 
since the soldering iron temperature is much higher than most semiconductors can 
withstand. Precautions must be taken to prevent the device from coming to equilibrium 
with the soldering iron. This can be done by holding the device lead with a pair of 
pliers between the body and the point of application of the soldering iron and by 
keeping the soldering time to a minimum. 


In handling semiconductors particular attention should be given to minimizing 
lead bending near the body of the device. Two types of damage may be caused — 
fatiguing of the leads themselves and cracking of the glass seal. Repeated insertion of 
devices into test equipment sockets, lead straightening, and mounting in the final 
equipment are operations which should be particularly guarded in this respect. 


One of the most insidious forms of damage that devices suffer is that from tran- 
sients in test equipment. These transients can cause instantaneous failure or they may 
cause performance degradation. If the transient occurs at the beginning of the meas- 
urement cycle, the device will appear as a failure or as having changed characteristics 
from previous measurements. If, on the other hand, the transient occurs at the end of 
the measurement, the damage may not be detected until further measuremnts are 
made or until the device is installed in an equipment. Whenever possible, all device 
leads should be short circuited during test equipment function switching, during card 
or tape punching (for automatic readout equipments), and at the time of application 
of biases. 


MEASURING RELIABILITY 


The previous section was devoted to the achievement of reliability; this section 
will present information on how reliability can be measured. 


The measurement of reliability can only be made, in the strict sense, by observing 
the performance of devices of interest in the finished equipment in actual use. For 
most purposes this is, of course, impractical as the information would be available 
too late to do anything if performance were unsatisfactory. Therefore, measurement of 
reliability must be carried out in some other way — but always it should relate to the 
ultimate measurement, performance in the finished equipment in actual use. How and 
when the measurements should be made depends upon what specific objectives are 
most important. Short of the final use test, the most appropriate method of measure- 
ment would be by simulated use conditions in actual circuits and for the length of time 
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that operation is required. This is still not practical for many purposes, particularly 
from the standpoint of the semiconductor device manufacturer. He must measure the 
reliability of his products when he doesn’t even know in what circuits they will be 
used and when he only knows generally what the operating conditions will be. 


The device manufacturer has three reasons for measuring reliability. He needs a 
knowledge of this characteristic for the control of his production line as it is just as 
important that he knows what the product failure rate is as that he know the produc- 
tion line yield. Since almost all vendor-buyer contracts have either an explicit or an 
implicit reliability requirement for lot acceptance, measurements must be made to 
determine eligibility for product shipment. Finally, circuit and systems designers need 
information on levels of reliability as a function of time, as a function of stress level, 
and as a function of circuit margins. Reliability measurements made in standard life 
test racks will not provide exact information but will give strong guidance for those 
who must convert this information into design decisions. 


MEASUREMENT OF RELIABILITY FOR APPLICATIONS GUIDANCE 


Measurement of this purpose is best done by attributes since an equipment de- 
signer is primarily interested in whether a circuit will work or not and device stability, 
in itself, is usually not significant. The practicality of this measurement depends upon 
the required reliability. In those cases where failure rates of the order of 0.001% per 
1000 hours are required, the sample sizes become so large that it is only in the most 
unusual circumstances that such measurements can be made.* A practical factor 
should be noted here; the measurement, testing and handling errors in even well de- 
signed and highly supervised measurement systems is at or above this level so that 
the problems of measurement at these degrees of reliability are more than just sample 
size. On a practical basis, reliability at the level of 0.001% cannot be measured but 
must be estimated from data taken at higher stress levels. 


At lower levels of reliability (failure rates in the order of 0.1%) direct measurement 
becomes feasible, though expensive. For purposes of guidance to equipment designers 
it is not necessary to demonstrate this on a lot by lot basis but only as an average over 
a period of time. Thus long term (six months to one year) tests can be performed in 
which a small sample is put on test each production period. The results can be com- 
bined to give an average estimated failure rate for the particular product. If these 
small samples are put on test each period, at several stress levels (power, voltage, 
current, temperature), it is possible to perform a statistical regression analysis which 
will determine the relationship between failure rate and stress level. The data can be 
analyzed to determine, at each stress level what the relationship is between failure 
rate and the values of the critical parameters which are called failure. Similarly, the 
occurrence of failure in time can be analyzed to determine the form of the failure 
distribution. 

In using this information, the circuit and systems designers must recognize that 
there are some factors which must be considered in relating the life test failure rates 
to in-use failure rates. Some of these life test factors are 

1. Measurement errors on life tests 

2. Test equipment failures which degrade units (oscillations on life racks, tran- 

sients in measurement equipment) 


*For example, with a sample of 230,000 transistors operating for 1000 hours, no failures could be 
allowed for a 90% confidence estimate of 0.001% failure rates; if one failure were to be allowed, 
the sample size would have to be 390,000. On the assumption of a constant failure rate, for 10,000 
hours — about 15 months — one-tenth the sample size would be required. For a decreasing failure 
rate, which most devices exhibit, the reduction in sample size would not be as great. 
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3. Usually the definition of failure is tighter than the value of the parameter 
which would really cause malfunction 


4. Usually the stresses — power, voltage, etc.— are more severe than in actual 
equipment 


5. Whereas in actual application there is a significant probability that, if a 
parameter degrades, the other components in the circuit or in the system will 
have enough margin of performance to compensate for it, in life testing no 
compensation is considered. 


To summarize, what is needed for measurement of reliability for applications 
guidance are long term, low stress, multi-level life tests spread out over a large pro- 
duction period. The data thus gathered must be analyzed (by attributes) to obtain the 
most possible information relating failure rate to stress level, definition of failure, 
and time. 


MEASUREMENT OF RELIABILITY FOR ACCEPTANCE 


In almost every vendor-buyer contract there is an explicit or implicit requirement 
that the product have some acceptable level of reliability. Reliability measurement 
for this reason has considerably different requirements from that for applications 
guidance. The purpose of this measurement is to provide assurance that the reliability 
of the lot in question is not significantly poorer than that agreed to by the two parties. 
To be useful for lot acceptance, measurement must be made on each production (or 
shipping) lot, it must be performed in a reasonably short time (1000 hours is the cur- 
rently accepted time), the stress conditions must result in failures similar to those 
which occur in use, and the results are most readily used if the measurement is in 
terms of attributes (failures vs. survivors). 


It is well known that the sensitivity of an attribute sampling plan is dependent 
upon the number of failures which on the average will be observed. By sensitivity is 
meant the ability to differentiate between lots having average reliability and those 
that are much worse — or much better. There are only a limited number of ways in 
which the number of expected failures can be increased: increase time on test, increase 
sample sizes, tighten definition of failure, increase stress levels, and make use of 
product history. 


The length of time on test is limited by factors of cost of inventory and logistics, 
1000 hours appears to be a practical maximum with a need to reduce it. Sample sizes 
have been previously discussed; for low failure rate levels the required sample sizes 
are very large and costly. Tight definitions of failure will produce more failures; how- 
ever, unless the failures produced correlate with failures to looser definitions actually 
important in the equipment, the test is worthless. The limit in this matter is reached 
when measurement errors produce an appreciable portion of the failures. Stress levels 
can also be made high. Here again, the failures produced must correlate with failures 
occurring in actual use conditions. At any stress level where the predominant failure 
mechanism differs from that at use conditions the results of tests at the high stress 
conditions will not be meaningful. The final method listed, used of product history, 
makes use of the premise that, if a production line is in continuous operation and is in 
control, the lot to lot variations will be small and that the main concern is with slower 
variations. There are many methods of using this principle. The simplest is to accept 
each lot based on the performance of it and some predetermined number of preceding 
lots. Other methods make use of sequential sampling or other continuous sampling 
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techniques but the broad principle is the same. One safeguard required in using 
product history is assurance of production homogeneity. 


In practice, acceptance tests are designed by compromising on these five factors. 
Expected failure rates are set in the range of 0.1% to 10% in 1000 hours by selection 
of test conditions and definition of failure. Recently, use of product history has been 
incorporated for the lower failure rates to reduce testing costs. One practical method 
which has been employed to reduce testing costs for small lots without sacrificing 
reliability assurance has been the establishment of a Bonded Warehouse. Instead of 
performing life test and mechanical and environmental tests for each purchase order 
of 10 or 100 or even 1000 units to a particular specification, large lots, determined by 
production considerations, are accepted or rejected based on a single sample. Tests 
are performed under the surveillance of a government inspector or other surveillance 
agency as appropriate. Accepted lots are placed in a separate segregated warehouse. 
Shipments are then made to the particular specification directly to the customer. The 
customer receives the test report if requested. 


MEASUREMENT OF RELIABILITY FOR CONTROL 

This type of reliability measurement has a lot in common with measurement for 
acceptance. It must be performed on a lot basis (production lot), to be effective the 
results must be known in a very short time, and the stress conditions should be care- 
fully tailored to the prevalent failure mechanisms so that the most physically significant 
conclusions can be reached. In the case of measurement for control, attribute analysis 
is not necessary since the main requirement is to be able to ascertain whether the 
product reliability is remaining constant, improving, or degrading. Direction and rate 
of change of the parameter, rather than magnitude, is important. 


PAST PRACTICE, FUTURE TRENDS 

In the past the three objectives of measurement of reliability have usually been 
combined into a test most closely related to the acceptance requirements with test 
conditions selected to protect the maximum ratings. This, of course, did not satisfy 
the control requirement because the time required for decision (125 hours for first 
read-out and 1000 hours for final decision) was too long for useful line control. The 
average number of failures usually was 0, 1, or 2 which meant that product reliability 
could change radically without showing as a significant change in the test results, and 
the tests were general purpose tests which were not specifically related to the prevail- 
ing failure mechanism. From the standpoint of application guidance, the test was not 
long enough (10,000 to 50,000 hours would be more reasonable), the stress levels were 
too high (users couldn’t live with, in general, the failure rates expected at these levels), 
and the test conditions were not selected so as to permit regression analysis to relate 
failure rate to stress. 

The trend for future measurement of reliability is to separate the three objectives, 
or at least use two sets of tests in place of one. Each of these would be optimized to 
achieve its particular objectives. The one set of tests would be for acceptance and 
control with test conditions selected to highlight the most important failure mecha- 
nisms. The analysis techniques and criteria of performance would be chosen as either 
attribute or variables, dependent upon the typical device performance, so as to max- 
imize the sensitivity of the test to product change. The duration would be chosen to 
be one or at most a few days. The second set of tests would be directed to the prob- 
lems of the user, optimized to provide application guidance. The form would be a 
small scale response surface (multi-level) test designed for maximum analysis efficiency. 
The stress levels would range from full rating downward. Small samples would be put 
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on test from each production interval and continued on for an extensive period of time. 
Analysis would be performed periodically (such as every six months). 

This approach to the reliability measurement problem would result in the manu- 
facture of more reliable equipments because of the improved feedback for control of 
device manufacture and because of the improved guidance provided to circuit and 
systems designers. 


FAILURE MECHANISMS 


Frequently in the preceding discussion reference has been made to failure mecha- 
nisms, the physical and chemical processes which cause semiconductor devices to fail. 
An understanding of failure mechanisms is essential for the design, production, and 
application of semiconductors if the maximum reliability is to be obtained. Figure 
18.1 shows the major failure mechanisms which affect semiconductor devices and also 
shows the stresses which are most likely to indicate their presence in a device. 
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FAILURE MECHANISMS AND ASSOCIATED STRESSES 
Figure 18.1 


STRUCTURAL FLAWS 


The Structural Flaws classification includes weak parts such as cracked pellets and 
nicked base or emitter leads, weak connections such as poor base lead welds, loose 
particles either conducting or non-conducting, and thermal fatigue. The failures in- 
cluded in this group may be due to design weakness, to production faults, or to 
misapplication. The weak parts and connections and loose particles terms are self 
explanatory. These can best be stimulated and detected by monitoring the device in 
an operating circuit either under shock or in vibration. The latter would be particu- 
larly effective if run at a resonant frequency for that portion of the device which is 
weakest. This is not easy to do, however, in most devices because of the high resonant 
frequencies involved, therefore a shock test is preferred. For applications encounter- 
ing extreme levels of mechanical stress, static force (centrifuge) may be the only means 
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of uncovering weak parts or connections. Thermal stresses frequently will show up 
these faults through mechanical stresses and strains established by differential thermal 
expansion. Applied power may similarly be useful because of the thermal gradients 
set up. 


Thermal Fatigue 

Thermal fatigue has been covered under Achieving Reliability.°’ The most impor- 
tant requirement of the stresses to be used to detect faults of this type is that the 
internal temperature of the device change rapidly. This change may be brought about 
by external means or by internal power dissipation. The latter is preferred. 


Since the number of cycles required to show failure may be quite large, the dura- 
tion of each cycle should be as short as possible. Frequently a five or six minute cycle 
can be used. Depending upon construction, the parameter which is most sensitive to 
failure may be 9x (thermal resistance), hrs (current gain), or Vexsan. In general, the 
last is the most useful. 


ENCAPSULATION FLAWS 


The second major classification of failure mechanisms is encapsulation flaws. These 
may consist of poor cap welds, cracked lead feed-throughs, permeability of plastic 
encapsulant, or imperfect passivation. The primary way in which these flaws may affect 
device performance is through the effect that moisture and oxygen which may leak in 
have on the device surface performance (see Figure 18.2). Other gases which might 
penetrate may affect device performance but the fact that these two are so universally 
present gives them prime position. Since the parameters which are most affected by 
the surface changes are leakage current (Icno is generally most important) and common 
emitter current gain (hee or hr), these are usually monitored as indicators of the 
presence of this class of failure mechanism. However, other specialized measurements 
are required to pin point the actual mechanism as being a particular type within 
this class. 


Leak Detection 

Humidity cycles (such as found in MIL-STD-202) and detergent pressure bomb 
tests are useful to detect flaws of this nature regardless of the type of construction. 
However, for certain types of construction, there are more sensitive (and more quanti- 
tative) measurement methods.“ The best known is the Radiflo* which makes use of 
krypton 85 as a tracer gas. It is claimed that this is sensitive down to a leak rate of 
10“ cc/sec at standard temperature and pressure. However, in production, testing 
time limits the useful sensitivity to about 10-" cc/sec. There are certain other limita- 
tions. The device must not retain any radioactivity when there are no leaks (this rules 
out most potted devices); if there are very large leaks in the hermetic enclosure, the 
tracer gas which has been forced in during exposure will escape prior to measurement 
and the very bad will appear good. This situation does not exist if there is a material 
within the hermetic seal which will retain any tracer gas which is forced in. In the 
majority of General Electric’s gettered products, this is the case. Thus, General Electric 
is able to use Radiflo for 100% screening of most of its products — detecting gross 
leakers as well as marginal seals. For those cases where it does not detect gross leakers, 
Radiflo must be supplemented by a detergent pressure bomb test using Icno, Inno, or 
junction to cap leakage current as a detector of moisture penetration. This supple- 
mentary test has a sensitivity which overlaps the Radiflo sensitivity. 


*Manufactured by the Consolidated Electrodynamics Corporation, Analytic and Control Division, 
Pasadena, California. 
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Figure 18.2 


A caution should be expressed here that detergent pressure bomb is not a satis- 
factory method of leak detection when grease or oil is used to provide temporary 
protection to the junction. 


Two other methods of leak detection that have been used for hermetically sealed 
devices make use of helium. In one method helium is sealed into the unit at the time 
of encapsulation and then the units are tested for leakage of helium from the inside 
of the unit. The second method is a form of pressure bomb, The units are subjected 
to a helium environment at high pressure. If leaks exist some helium will be forced in. 
Then the units are tested for leakage of helium from the inside of the unit. The sensi- 
tivity of this method is reportedly about 10 cc/sec standard. Both of these methods 
suffer from the weakness that gross leaks will tend to release helium before the sensing 
instrument can be applied and so gross leakers will not be detected. Thus something 
similar to detergent pressure bomb is required here also. 
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In some unusual circumstances, stresses such as corrosion (salt spray) or abrasion 
(sand or dust) may cause failures because of inadequate or faulty encapsulation. 
Chipped paint which allows corrosion of the cap to occur is the only form of this which 
is common and this rarely proceeds to the point where device failure occurs. Special 
requirements should be given special consideration in these matters. 


INTERNAL CONTAMINANTS 


One of the most important of the classifications of failures mechanisms is that of 
internal contaminants. They can be roughly classified as moisture, other foreign gases, 
and ionizable materials. They affect device operation through the induction of inver- 
sion layers in the semiconductor material itself, through modification of the surface 
oxides which may alter recombination center densities and rates of recombination, 
through irregularities at the junctions themselves, and through ordinary surface 
conduction. 


Entrapped Foreign Gases 

One form of failure mechanism of this general classification is that of entrapped 
foreign gases. This is of most importance in greased units since the grease will protect 
the junction for a time. Thus, at the time of manufacture a unit will appear to be good. 
Later as the moisture penetrates through the grease to the juncion, it will affect the 
unit’s performance. Greases which are not penetrated by moisture eventually do not 
exist. Leakage current (Icso particularly), and current gain (hrs and hre) are normally 
the most sensitive parameters for the entire class of internal contaminant failure mecha- 
nisms. Failure caused by entrapped foreign gases is most rapidly brought about by 
high temperature storage. Even on non-greased units, high temperature operation or 
storage may cause slow changes in the surface conditions resulting in shifting of 
parameters. 

One other factor should be considered here. Even though units work well at room 
temperature and at elevated temperatures, they may fail at or below freezing because 
of condensation of internal moisture. This can be detected by low temperature leakage 
current measurements. Extreme care should be taken in this measurement since con- 
densation external to the device may produce misleading data. 


Outgassing 

Outgassing is probably the most important failure mechanisms for non-gettered, 
non-passivated devices. All surfaces have absorbed moisture and other gases. Under 
the influence of high temperatures, these gases will gradually be released until the 
concentration of gas within the enclosure is in equilibrium with gas in the surface. 
Experience with ungettered units has shown that this equilibrium point, even with 
processes which use very high temperature bake prior to capping, is high enough to 
produce semiconductor device failure through excessive leakage current. High tem- 
perature storage is the most useful stress in this case. 


Entrapped lonizable Contaminants 

Entrapped ionizable contaminants is a term describing a class of failure mecha- 
nisms in which ionizable materials in the presence of moisture and voltage ionize at a 
rate which is a function of temperature. These ions migrate under the influence of the 
voltage and may set up inversion layers.“ Figure 18.3 is a pictorial representation of 
this action. Bar type devices generally are more susceptible to this migration failure 
than alloys or mesa types because of the narrow base at the surface (collector to emitter 
short). In rectifiers this inversion layer may short the junction to one of the ohmic 


RMS SAARI Mel ar lea a SI a ed ce ee ea) 


ee Sl MICONDUCTOR RELIABILITY 


contacts. An interesting relationship exists between temperature and degradation with 
this mechanism of failures. For temperatures at and somewhat above room tempera- 
ture, the degree of degradation which will ultimately be achieved will increase with 
temperature. However, if the temperature is increased still further, the rate of recom- 
bination of ions, due to thermal energy, overtakes the rate of ionization and the degree 
of degradation is reduced. The relationship between degradation and temperature is 
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non-monotonic with a maximum depending on voltage, geometry, and degree of con- 
tamination (for some practical silicon devices it is in the range of 150°C to 200°C). 
If voltage is removed and temperature maintained, the ions will recombine and the 
contaminant molecules will redistribute themselves essentially in the original manner. 
The mechanism is reversible. 

The stress which is most useful in detecting this mechanism is a combination of 
temperature and voltage. When taking the units off test for measurement, the voltage 
should not be removed until the units are cooled off. Leakage current (generally Icno) 
is the best indicator of failure for this mechanism. 


lonic Conduction and Corrosion 

Ionic conduction and corrosion are extreme cases of entrapped ionizable contami- 
nants. When the level of moisture and contaminant reach a certain level, failure can 
occur due to ordinary conduction on the surface of the oxide film without the need 
of the induced inversion layers. When the amount of contaminant is even greater, 
actual chemical corrosion may take place. In this last case the failure may sometimes 
show up as an “open” rather than as excessive leakage. In all these cases, high tem- 
perature and voltage would point up the fault. 


Base Minority Carrier Trapping 

Base minority carrier trapping is a somewhat different form of failure. This is 
dependent upon the density of surface states (allowed energy levels within the band 
gap) and on the difference in time constants between the slow surface states in the 
oxide layer on the surface (milliseconds to days) and the fast surface states within the 
surface of the semiconductor (microseconds). These factors in turn are influenced by 
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the surface treatment (degree of oxidation, etc.) and on gases in the enclosure. Initially 
the fast surface states act to keep the current gain low through high surface recombi- 
nation. However, if a bias current is passed through the base continuously for a period 
of time the fast surface states will become filled and will remain filled. To maintain 
charge neutrality the slow surface states within the oxide layer, will slowly be emptied. 
Once this has been brought about, the current gain will be raised appreciably because 
the fast surface states are now maintained in a filled condition by the charge in the 
slow surface states. The stress which brings this about is primarily current. An increase 
in temperature will increase the rate at which this action takes place. However, if the 
temperature is raised beyond a critical point the amount of degradation will decrease 
due to the increase in speed of response of the slow surface states. If current is re- 
moved the slow and fast surface states will re-establish the original equilibrium and 
the unit is essentially as it was originally. The higher the temperature the faster the 
original equilibrium is re-established. The most critical parameter to monitor for this 
mechanism is current gain (hrs, hre) although Icso is also informative. 


MATERIAL ELECTRICAL FLAWS 


A fourth major failure mechanism category is material electrical flaws. These flaws 
consist principally of junction imperfections. The junction imperfections may consist 
of two types, those which produce failure at high currents and those which produce 
failures at high voltages (Figure 18.4). Alloy or diffusion may result in an unequal 
penetration of the semiconductor by the doping agent resulting in the base having 
one or more relatively narrow separations between emitter and collector. These points 
will receive higher than average current densities which will generate local hot spots. 
As total current is increased, these local hot spots may reach temperatures where further 
diffusion or alloying will occur, resulting ultimately in a shorted base (collector to 
emitter). In some device designs, currents above ratings, such as under pulse condi- 
tions, can cause this same type of failure, even with no junction imperfections because 
of the distribution of current in the base region. 
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If the resistivity of the semiconductor material near the collector junction is not 
uniform, the depletion region will expand irregularly, as voltage is applied, giving 
rise to differences in voltage gradients in this region.” Differences in voltage gradients 
in turn will affect the collector multiplication factor producing unequal current distri- 
bution. This will only be important at high voltages approaching BVcxo or above. 
Below that point, the multiplication factor is so close to unity that variations in it 
would have no detrimental effect. However, near breakdown, the high local currents 
and high voltages can generate local hot spots which can lead to cumulative degrada- 
tion and ultimate failure. 


High current operation and high voltage operation at room temperature are respec- 
tively the best means of detecting the current and voltage sensitive junction imperfec- 
tions. When these faults exist and are strongly stimulated, the results are usually 
catastrophic so that monitoring for opens and shorts should normally be adequate. 
If life test racks are used which do not allow burn out (through protective circuits) 
monitoring should be for changes in current gain (hrr) or breakdown voltage (BVcro). 


METAL DIFFUSION 


Another failure mechanism classification is metal diffusion. Whenever two metals 
are in intimate contact, whether compression bonded, alloyed, diffused, or welded, a 
disequilibrium is established. In accordance with the general laws of diffusion, the 
metals on each side of the interface will diffuse so as to establish an equilibrium condi- 
tion. The rate at which this takes place is a function of temperature and the diffusion 
constants in the metals involved. Two general types of problems may exist; diffusion 
of dopants and ohmic contact material into the semiconductor material, and diffusion 
of ohmic contact materials and lead materials into each other. In the first type this 
may cause a decrease of base width with a resulting reduction in reach-through volt- 
age (for some abrupt junction types) or a change in the resistivity profile which might 
result in a change in avalanche breakdown or other parameters. In the second type, 
changes which have been observed are weakening of base or emitter leads by the 
creation of brittle alloys and increases in ohmic resistance through the forming of high 
electrical resistivity alloys. In general these types of failures are of minor concern 
since even if the failures could occur, the rate of diffusion is so low that it would not 
occur in the useful life of most equipment. 


SUSCEPTIBILITY TO RADIATION 
A failure mechanism which is only important in special applications — but then is 
vital — is that of susceptibility to radiation. There are two modes of failure 


1. Temporary malfunction caused primarily by transient gamma radiation pulses 


2. Permanent degradation resulting primarily from the total fast neutron 
dosage.°*"? 


The temporary degradation is due to both volume and surface ionization resulting 
in excessive leakage currents. These leakage currents may in some circuits produce 
permanent damage through thermal run away. Some decrease in current gain is some- 
times observed during the transient burst. 


Gamma radiation may cause permanent degradation as well as temporary if the 
total dosage becomes high enough. However, in the usual case, the fast neutron total 
dosage reaches the degradation level first. Degradation in this case is the result of 
decrease in the base minority carrier lifetime which in turn causes the current gain 
to decrease. Since this is a volume phenomenon, it is relatively predictable as opposed 
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to the transient leakage current effects which, because of the surface contribution, 
are relatively unpredictable. Exposure to a radiation environment is the only sure 
means of determining the ability of a device to perform in a particular radiation 
environment. Since this is extremely expensive and available time on appropriate 
reactors is so limited, a reasonable approach to this failure mechanism problem would 
be a unified, industry wide, semiconductor device evaluation program. Up to the 
present, no such program exists. 


FAILURE ANALYSIS 


Both in the production of semiconductors and in their use, it is important that 
failures be carefully analyzed. Failure analysis when it is correlated with use (or test) 
conditions and with manufacturing variables can be the most powerful tool in improv- 
ing reliability. It normally will indicate whether the failure was due to misapplication 
or operating abuse (screwdriver mechanics), to poor workmanship or materials, or to 
inadequate device design. This obviously is a start on the road to correction. 

Since failures are relative rarities and since they are so vital in learning how to 
improve reliability, it is important that failure analyses be performed by properly 
trained personnel carrying out a thoroughly thought-out plan. Otherwise, not only 
may the real reason for failure be obscured but incorrect conclusions may be drawn 
which may lead to much wasted effort or even to a decrease in reliability. The subject 
of failure analysis is too complex to cover here in any detail. The most important areas 
of analysis that may be used to isolate the causes of failure are 


1. Complete summary of operation and production history (as complete as 
possible) 
2. Measurement of electrical parameters, including static characteristic curves 
3. Special tests, more than one of which may be run in a sequence, such as 
(a) low temperature Icxo 
(b) non-operating high temperature storage 
(c) high temperature with back bias 
(d) high temperature with forward current 
4, Radiflow leak detection (where appropriate) 
5. Gas analysis (mass spectrometer) 
6. Special tests on the opened unit, more than one of which may be run in a 
sequence such as those listed above in number 3 
7. Visual examination 
8. Reprocessing and testing; such as rewash, re-etch, etc. 
9. Metalographic Analysis. 
Of course only those steps need be performed which are meaningful and only enough 
of them to draw a conclusion. 


FAILURE DISTRIBUTIONS 


Reliability, as defined at the beginning of this chapter, is the probability of satis- 
factory performance for a specified period of time. If an appropriate statistical model 
of this probability as a function of time can be found, it can be used to advantage in 
improving reliability. Systems and circuit designers can take advantage of this to esti- 
mate reliability when optimizing their designs; it can also be used in planning main- 
tenance systems and in determining the logistics requirements. Device manufacturers 
can use this reliability model to optimize life test acceptance plans, to screen produc- 
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tion so as to weed out potential failures, and to provide clues to failure mechanisms 
whose elimination will ultimately lead to product improvement. 


MATHEMATICS OF FAILURE DISTRIBUTIONS 

There are many terms used in analyzing and describing the reliability of devices 

or systems. These are given and defined below: 

Reliability Function — R(t) The probability of a unit (system, equipment, device) 
from a population surviving up to time, t. (also called survival function) 

Cumulative Failure Function — F(t) The probability of a unit from a population 
failing before time, t. 

Probability Density Function of Time to Failure — f(t) The limiting value of the 
ratio of the probability of failure in the time interval, t+ A t, over A tas At 
approaches zero. 

Instantaneous Failure Rate — Z(t) The limiting value of the ratio of the proba- 
bility of failure in the time interval, t+ A t, having survived to time, t, over 
A tas A t approaches zero. This is the conditional probability density function. 

These are all related and knowing any one as a function of time permits the others 
to be determined. 
f(t) = limit F (t+ A t) — FW) 
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Relationships such as these are only useful if the observed probability of survival, 
R(t), or the more commonly used term, instantaneous failure rate, Z(t), can be 
expressed in mathematical terms and if the product characteristics are consistent 
enough to make calculations meaningful. Extensive testing by many semiconductor 
manufacturers have resulted in three mathematical models being found applicable 
over certain portions of the useful life of the devices. These are the Weibull, “’*™ the 
exponential,“ and the lognormal.“” Figure 18.5 shows these three distributions 
in the form of the density function, f(t), and the instantaneous failure rate, Z(t). It will 
be noted that the exponential distribution is the same as the Weibull with the shape 
factor, B, equal to unity and the mean life, 9, equal to the scale factor a. For the case 
of the exponential distribution the instantaneous failure rate, Z, is constant in time 


Z(t) = 


and equal to the reciprocal of mean life (zt) = 3) ’ 


For the Weibull distribution, the failure rate is decreasing continuously for values 
of 8 less than unity and increasing for values of 8 greater than unity. In some situations 
it may permit a better fit of the model to the data if a delay time, t, is introduced. This 
means that no failures occur until after a time, t. This delay is usually symbolized by 
y. This changes the equations for the Weibull in Figure 18.5 to 


Ree exp| — (t Son , ete. 


The lognormal distribution has two parameters, the standard deviation, o and the 
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FAILURE DISTRIBUTION MODELS 
Figure 18.5 


mean, u. In practice, the practical parameters used are o and e#. This latter is the 
median life, the time by which one-half the units are expected to have failed. For the 
lognormal distribution, the median life is a more convenient measure of central ten- 
dency than the mean life because, unlike the latter, the median is independent of the 
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standard deviation. The lognormal differs from the other distributions in that over one 
portion of time the failure rate-is increasing while over another portion the failure rate 
is decreasing. In fact, the instantaneous failure rate, Z(t), is zero both at time zero 
and at infinity. 


GENERALIZED FAILURE DISTRIBUTION 

The general shape of the failure distribution density function, f(t), is shown in 
Figure 18.6 by the solid line. The descriptive terms for regions A through F refer to 
the instantaneous failure rate, Z(t), associated with the density function. 
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The delay (A) is due to the fact that the definition of failure almost always incorpo- 
rates a safety factor beyond the initial parameter values and it takes some finite time 
for any units that are initially good to degrade to this end point limit. Of course, the 
lower the stress level, the longer this would be. At high stress levels this might be so 
short that it might not be seen. Region B is the transition region as the first units begin 
to degrade beyond the design margin. Region C covers the time that failures due to 
workmanship faults drop out. This generally is a decreasing failure rate and has been 
so observed in transistors, vacuum tubes, and other components. Two distributions 
have been found to fit regions A, B, and C very well. They are the Weibull distribu- 
tion with a shape factor, 8, less than unity and a delay term, y, and the lognormal 
distribution. On transistor data, it has been found that these two can be equally well 
fitted to large quantities of data on many transistor types. 


In Region D the failure rate appears to be essentially constant and relatively low. 
It can be hypothesized that this constant failure rate condition occurs because of the 
overlap of the decreasing failure rate of the workmanship failures and the increasing 
failure rate of the wearout failures of Region E and F. These overlapping distributions 
are shown by the dotted lines. 

This generalized failure distribution model assumes that eventually everything 
wears out. In some component parts such as batteries or light bulbs the wearout 
mechanism is the exhaustion of a non-replaceable material. In transistors it is not so 
clearly defined. However, it may be the eventual leakage into the encapsulation of 
enough moisture to degrade this surface (even for well passivatd units this is possible) 
or it may be mechanical fatiguing of leads or mountings, or diffusion of doping mate- 
rials or impurities into the semiconductor material. From the physical laws associated 
with these possible failure mechanisms, it is likely that the failure distribution in 
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regions E and F follow a lognormal distribution.°” Considerable data from high stress 
level life tests show this pattern. Based on this, region E is the increasing failure rate 
portion of the lognormal distribution whereas region F has a decreasing failure rate. 

Figure 18.7 presents four sets of failure rate observations which illustrate various 
portions of the general failure distribution model. Curve A shows regions A, B, and C 
for a germanium PNP alloy transistor life tested at shelf storage (25°C). Curve B 
shows the failure rate of an NPN silicon grown diffused transistor operated at full 
power rating (500 mw). Here the delay is so short that it is not observed in the opera- 
tion of the life test. Curve C shows the long term performance of a PNP germanium 
allow transistor tested at rated storage temperature (100°C). This illustrates regions 
A, B, C, and D. The final curve, D, illustrates wearout, region E. The data was obtained 
from storage life tests at conditions well beyond the ratings on the same PNP ger- 
manium alloy type as that in curve A. The storage test was run at 135°C compared to 
a maximum rating of 100°C. 


PUTTING FAILURE DISTRIBUTIONS TO WORK 


It has been pointed out that in regions A, B, and C both the Weibull and the log- 
normal distributions can usually be fitted to transistor life test data equally well. From 
a physical standpoint, the lognormal distribution appears to be more reasonable in 
that discontinuities such as those introduced by a delayed Weibull are not likely in 
nature, On the other hand, from the standpoint of the development of screening tech- 
niques and of improving sampling plans, the errors introduced by the use of the 
Weibull are small. The advantages of the Weibull as a working tool are primarily the 
completeness with which the shape factor, 8, describes the rate at which the failure 
rate changes and the simplicity of the equations relating probability of failure to 
average failure rate, instantaneous failure rate, and mean life.“ 

In the next section, consideration will be given to burn-in for the improvement of 
reliability. An important factor in selecting the stress conditions for burn-in is the 
Weibull 8, the set of burn-in conditions with the lowest 8 (less than unity) will bring 
about the greatest improvement in failure rate in the least time. On the other hand, 
a 6 greater than unity indicates an increasing failure rate in which case a burn-in actu- 
ally will make the resulting product less reliable. 

In the matter of sampling plans, the knowledge of the Weibull parameters of the 
failure distribution can lead to savings in testing costs if the distribution has a 6 
appreciably less than unity (and no appreciable delay). For example, if the beta is 0.5 
which is typical, testing time can be cut to one-half by increasing the sample size by 
only 40% without changing the basic sampling plan. The result is a savings of 30% 
in the number of socket hours required. On the other hand, if the distribution has a 
delay, y, or an increasing beta, this is a clear warning that reduced hour testing is 
dangerous and should be avoided. Much work is presently being directed, industry- 
wide, to greater use of the knowledge of failure distributions, particularly in the field 
of life test sampling plans. 


ACCELERATION FACTOR AND MODULUS OF FAILURE 


Frequently through this chapter there has been mention made that high stresses 
generally will cause more failure than low stresses. It has also been pointed out that 
the definition of failure also determines the probability of failure. The subject of this 
section is the relationship between the probability of failure, stress level, definition of 
failure, and time. Much must be learned before this relationship can be based on solid 
theory; but a start has been made in its empirical determination. 
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DEFINITIONS 

Before continuing, two terms must be defined: acceleration factor and modulus of 
failure. In the past the term acceleration factor, has been used to mean the ratio of 
failure rates at two stress levels or the ratio of times to obtain the same cumulative 
failure at two stress levels or the ratio of cumulative failure at a particular time at two 
stress levels. This one term can unambiguously mean all three of these ratios if — and 
only if — the instantaneous failure rate is constant over all time and if we are only 
concerned with low cumulative failure levels (say less than 10%). However, as has 
been shown in the previous section, constant failure rates are not the general rule. 
Therefore, more generally applicable definitions of terms relating failures, time, and 
stress level are needed if they are to be meaningful. Consider, first of all, the ratios of 
the failure rates. Referring to the generalized failure probability density function 
shown in Figure 18.6, it can be seen that the multi-valued nature of the instantaneous 
failure rate (increasing, decreasing, increasing, decreasing) would lead to an ambigu- 
ous and generally meaningless factor if ratios of instantaneous failure rates were related 
to stress levels. For this reason no such term should be used. 

Next let us consider acceleration factor. Acceleration is generally regarded as the 
speeding up of a process or action. For this reason it is logical to apply the term, 
acceleration factor (A) to the ratio of the time of occurrence of a specified cumulative 
failure level at one stress level to the time of occurrence of the same cumulative failure 
level at a higher stress. Figure 18.8 shows hypothetical cumulative failure distribu- 
tions for two life tests at different stress levels, These are the cumulative distributions 
associated with the general failure distribution model of Figure 18.6 with different 
time scales. The two equations for A below Figure 18.8 illustrate how the accelera- 
tion factor is determined. It is seen that, as the name implies, it is the factor by which 
the time to observe a particular level of failure is speeded up or accelerated with the 
increase of stress. From the illustration, it can be seen that this is not necessarily a 
constant factor as the level of cumulative failure is changed. The third ratio which 
has been loosely called acceleration factor concerns the ratio of cumulative failure 
levels at a particular time. A new term should be used for this. It is the modulus of 
failure (M) and is defined as the ratio of the probability of failure prior to a specified 
time at one stress to the probability of failure prior to the same time at a lower stress. 
The two equations for M below Figure 18.8 illustrate how the modulus of failure is 
determined. It is the factor by which the level of failure is increased with the increase 
in stress. The curves illustrate that this too is not a constant factor as time is varied. 

A question which might be raised is why we need two different terms. To answer 
this let us first consider how the two might be applied. The first example is an equip- 
ment design problem where there is a specified operating time. The question to be 
answered is how operating stresses affect the failure level. Since we have a fixed time, 
the factor we need is the modulus of failure, M. In a second example, a device manu- 
facturer is interested in performing an accelerated life test for lot acceptance purposes. 
He is interested in observing in one week the same level of failure that normally 
would take 3 years to occur. Here the failure level is fixed, the factor we need is the 
acceleration factor, A. Since in general neither A nor M is constant over all time and 
all levels of failure for a given device type and pair of stresses, it is clear that they 
are not generally equal nor related by a constant factor. Therefore, we must have the 
two factors for use in the different kinds of problems. 

So far only stress vs. failure rate and time have been mentioned. The same kinds 
of relationships would hold if instead of two stress levels, we used two levels of defini- 
tion of failure, the more stringent definition of failure taking the place of higher stress. 
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RESPONSE SURFACE RELATIONSHIP 


. artis showed that there are many stresses which induce failure. It would be 
iighly desirable, particularly from the circuit designer’s viewpoint to know not onl 
how each stress alone affects the probability of failure but also how the stresses vd 
combination affect it. The response surface relationship provides the answer to ann 
question, A response surface relationship can be considered as a multi-dimensi ‘ 
surface relating the probability of failure to many stresses at a given time Fit) is a 
function of voltage, current, power, ambient temperature, junction waged eye 
rate, etc., at time (t:). A response surface can also be solved for the time to aaah a 
given percent failure as a function of the stresses but since the first form is ‘lly 
more applicable to the user’s needs, that is the one most commonly solved amare 
To determine the relationship mentioned above requires considerable testing and 
analysis. This is particularly true when the stresses near those the circuit aa ; 
might employ are considered. If the device is worth using, the failure level will ae 
low at the use condition that extremely large sample sizes are required. Furthermor 
limitations on testing accuracy and reliability provide a limit of sighifisarics i ae 
pendent of the sample sizes. Investigations are currently underway to determine ie a 
of making use of stability data under these circumstances; however, at eae ae 
solution is to test at high levels and to extrapolate the rebitionshins dele A the lo ‘ 
levels. There is, of course, a major weakness in this approach in that there is no ass 2 
ance that the failure mechanism which is accelerated at high stress levels is the sie 
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that is important at low stress levels. For example, it is possible that at high power, 
the failure mechanism may be the excessive shift in current gain brought about by 
minority carrier trapping. At low power, failures may be caused by moisture leaking 
into the case through faulty seals. Although this type of risk exists with extrapolations 
there is presently little alternative within the realm of economic feasibility. 

One important safeguard which should be included within response surface evalua- 
tion program is a field service performance feed back. Long term service in actual 
equipment with comprehensive reporting on failures and failure mechanisms can pro- 
vide the cross check on the extrapolated estimations that is needed. Such information 
over a period of time can build up an understanding of the relationships between high 
and low performance that can make extrapolations very useful. 


SCREENING 


The constantly increasing transistor reliability requirement is imposing a more 
and more severe responsibility on transistor manufacturers to eliminate not only poor 
designs and poor workmanship but even the so called freaks. Freak transistors may be 
considered to be the result of unusual combinations of factors which elude ordinary 
detection but will in use fail relatively early in life relative to most of the units. On 
large scale production lines, it is unreasonable to expect that this freak rate will be 
reduced to a level acceptable for some of the more severe reliability requirements. 
Even in those cases where the reliability requirements are no more severe than good 
production techniques can satisfy (for example 0.1% to 0.01% failure in 1000 hours), 
the assurance of this quality on either a lot basis or on a production history basis is 
not generally economically feasible. An approach to this problem which both increases 
the likelihood of detection of freaks and at the same time provides an indirect means 
of measuring reliability is screening (or post fabrication processing). Broadly, this con- 
sists of performing a sequence of inspections, measurements, and tests on all units, 
each with a set of criteria for rejection, then submitting all of the units remaining to a 
low level operating burn-in. This last provides final screening and, simultaneously, a 
measurement of the quality of the product. 

In setting up the screening sequence, it is important to keep in mind what is being 
sought — freaks. Since these are generally unpredictable it is necessary to provide a 
screen that will stand a very good chance of detecting the freaks regardless of the form 
they take. Of course an understanding of the product can lead to an optimization 
through the knowledge of tendencies for one type of freak or another to occur, but too 
much reliance should not be placed on this knowledge. The screen should consist of 
inspections, measurements, and tests. Inspections and measurements are screening 
operations which do not affect the individuals but merely measure some significant 
characteristic. Tests are screening operations which apply a stress to the units in order 
to determine the unit’s strength. In applying these stresses, it is important not to 
destroy units which would provide satisfactory performance in ordinary use and, even 
of more importance, not to damage good units in such a way that they appear satis- 
factory but have a reduced life expectancy. A knowledge of the product including 
data on long term life tests at high stress conditions provides guidance in this respect. 

Below is a general outline of a screen sequence which might be used. (Steps 1 
through 7 are primarily inspections and measurement). 

1. Visual inspection — lead condition, critical dimensions (an example is misalign- 
ment of cap and header leading to greater tendency for development of leaks), paint 
or plating, etc. 


318 RSNA OEE ILI LEL. LLL AEA, 


2 ES 
SEMICONDUCTOR RELIABILITY 


a Electrical parameters screened — so as to eliminate tails of tailed distributions 
and to provide ample safety margins within specification limits 
3. Static characteristics observed — on oscilloscope, rejecting units with irregulari- 


ties or excessive instability; observe bi i 
I p e both breakdown characteristi 
tion characteristic (on) akg yTCuRaene 


4. Measurement of internal dew oint — thr 
applic bl Dp ough low temperature Icno, when 


5. X ray — for proper placement of internal structure 
6. Leak detection — both Radiflo and detergent pressure bomb 


. 7. Diode leakage current (Icso) stability, short term (such as 10-30 seconds) 
(Steps 8 through 13 are primarily testing) 


: = Mechanical stress —this may be monitored shock or repetitive tapping, centri- 
uge, etc., to look for intermittents or weak parts or connections 


9. Voltage stress — probabl i i i 
y a high back bias with high te r : 4 
in avalanche this can detect junction flaws. EEE NS ASO 


10. Current stress — high power at lowest possible collector voltage 
1l. Thermal fatigue — rapid 50% duty cycle, high power, high current 


12. Temperature stress — this migh i 
ght be high temperature storage onl it mi 
be cycled high and low (—65°C) slow cycle (2 hours each cycle) lhc 


These “life tests” generally wi i 
y will produce results in a few dz i i 
any weakness to detect. pice S beg Be 


ad 13, getty - this would normally be on operating life test at power and voltage 
; : een rated conditions and expected use condition. The duration of this test might 
% pa a few days to several weeks or even months. This test is intended to do three 
t rings: catch delayed failures from the accelerated tests, stabilize the transistors, and 
monitor final performance. On the premise that stability is essential for reliabilit this 
portion of the screen can be used for reliability assurance. If more than iy hash d 
number of units change characteristics more than a specified amount, the es c & b 

assumed to be of substandard quality even after screening and should be pie” , 


* Riss thy inspections, measurements, and tests and the criteria of rejection must 

e tailore to each situation. Not only will the differences in transistor types affect the 
i ssi the screen; but, in addition, the required level of reliability and the allowable 
rae! cost will affect it. As the importance of eliminating potential failures increases 
t re uration of tests, the number of measurements, and the severity of rejection criteri 
will increase. This will generally increase the number of good units that will be reject d 
and will rapidly increase the cost. The balance between effectiveness of the coun 


the efficiency will be determi iabili 
Oe! y ermined by the balance between reliability requirement and 


The screening principles outlined have been applied to several different products at 
General Electric. No one screen has made use of all the steps shown in the se saa 
however in some cases other tests have been included. The most Snadeehaditek scre ; 
and the one whose effectiveness has been most carefully evaluated has been applied nt 
the Minuteman version of the 2N335 (North American Aviation, Autonetics aan A 
lype 703). The screen consisted of electrical measurements, Radiflo leak Poaatinn 
monitored repetitive shock test, high power cycled operation, and high tempe , - 
storage. Following this there was a burn-in at 348 mw (rated 500 mw) for ne i. ms 
When units which were acceptable after this sequence were operated for 2700 mii 
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348 mw and compared on the same test to units not subjected to the screen, there was 
found a reduction in cumulative failure of 8 to 1. The tests are continuing to strengthen 
the measure of product improvement for long life operation. 


RELIABILITY DATA FOR TYPICAL TRANSISTOR TYPES 


EXPLANATION OF ANALYSIS AND PRESENTATION 


The reliability data shown on the following pages are the results of both the row 
tine quality control acceptance testing performed on the particular production lines 
and of special evaluation testing programs. The characteristics shown are on specific 
products which are representative of the General Electric product lines. There is one 
PNP germanium alloy (the 2N524 family), one NPN silicon grown diffused (the 2N335 
family), one PNP germanium mesa (the 2N705 family), and one NPN silicon planar 
diffused (the 2N1613 family). 


Two methods of analysis and presentation of reliability data are used, an attribute 
analysis of a large number of life test samples and variables analysis of a single sample 
(in some cases a few similar samples have been combined). As an aid in understanding 
these data, let us consider Figure 18.9, (A) and (D). Figure 18.9(A) is a plot of the 
average failure rate as a function of time to failure. The theoretical average failures rate 
is the average of the instantaneous failure rate, Z(t), over the interval of time consid- 
ered. Empirically it is determined by dividing the percentage of those transistors which 
started on test in a particular time interval and failed by the duration of that interval. 
The unit of measure of time used is that in which it is desired to express the average 
failure rate. As an example, let us calculate the average failure rate (in percent per 
thousand hours) between 7,000 and 10,000 hours. From Figure 18.9(A) it can be 
determined that there were 286 transistors which started that interval. Of these, 2 
failed for a percentage of 0.7%. Dividing this by 3 (3 units of 1000 hours each) yields 
0.23% per 1000 hours average failure rate. The failure rate calculated by this means 
is shown by the heavy solid line. 

Since such estimates have a sizeable element of uncertainty in them, it is desirable 
to indicate intervals within which there is a specified likelihood that the true values 
exist. These intervals are called confidence intervals. Since we are making an attribute 
analysis, the binominal distribution can be used to determine the limits of these inter- 
vals.” The eighty percent confidence intervals are shown in these figures by the 
shaded area. This may be interpreted to mean that of all the failure rates confidence 
intervals shown in these figures approximately four out of five will include the true 
value of the failure rate — one out of ten of the true values will be higher than the 
upper limit, one out of ten will be lower than the lower limit. 

A word on how the data for these figures were obtained. The data for the first 1000 
hours are the results of the routine quality control life tests which are restrictive on 
all General Electric products. The longer hours data are primarily the results of the 
extensions of these same life tests. However, beyond 1000 hours the sample sizes are 
substantially reduced. In some instances engineering evaluation data have been in- 
cluded in the long term data where they were pertinent. It will be observed that as 
the hours increase, the sample sizes decrease, fewer units having had the opportunity 
to reach the longer hours. There are many other ways in which this same data could 
have been presented. This method was chosen because it requires no assumptions of a 
particular failure distribution, nor implies any; it is readily applied in the case of 
diminishing sample sizes, and it clearly shows the various regions of the general failure 
distribution model. 
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For those who would wish to plot the data on cumulative probability paper (such 
as Weibull or lognormal), the following formula can be used 


a a 
F(t.) = [1— Ri(t.)] 100 =] 1 — 7 Ni —m [100 = ni {100 
Sora o/ Ni | Pea 


where -F(t,) is the percent cumulative failure to time ta 
ti is the duration of test up to the it” measurement period 
i is the sequence number of measurement periods and varies from 0 to (a) 
R(t.) is the percent survival to time, ta 
N: _ is the sample size starting the life test interval between ta -» and t: 


ni is the number of failures in the interval between ta —» and ti 


a 
i—o0// indicates the product of all factors with i having values of 0 through (a) 
a 
Be indicates the sum of all terms with i having values of 0 through (a) 
i= 
The approximation is good for total cumulative failures less than 10%. 


Let us now consider the second form of data analysis and presentation as exempli- 
fied by Figure 18.9(D). This method of analysis is intended to determine the degree of 
stability of the important parameters. In this form of analysis each transistor is con- 
sidered rather than the few that exceed a relatively arbitrary limit. Although it is more 
difficult to interpret this data into failure rate calculations for equipments and systems, 
it is much more sensitive in showing trends which might anticipate the future. For 
example, the situation might exist where the observed percent failure is small because 
the initial distribution of the important parameters is considerably below the definition 
of failure; however if the entire distribution of that parameter was increasing substan- 
tially, this would indicate that a large percent of the units are heading towards failure. 


Stability data is presented in terms of percentiles. A percentile is the value of the 
particular parameter being considered below which the specified percentage of the 
transistors are expected to fall. For example, in Figure 18.9(D) at zero hours, 95% of 
transistors are expected to fall below 12.5 microamperes. 


In applying percentiles to life test data, several details should be explained. In 
calculating percentiles at the various measurement periods, every transistor which 
started the test is included even if it has completely failed and has been removed from 
test. Failures are included at one extreme or the other depending upon the mode of 
failure and how it would have affected an operating circuit. The only exceptions to 
this rule are transistors which were lost, damaged in measurement, or otherwise affected 
independent of the life test. These units are then removed completely from the sample, 
from zero hours on. If a plotted percentile leaves the range of the graph paper, the 
next reasonable percentile (usually 5 percentage points up or down as appropriate) is 
plotted for that and succeeding measurement intervals. 


In plotting parameter distributions with time, it is necessary to keep the same 
sample throughout. If samples are added or subtracted (the latter is the more likely 
since some samples that might be combined in the early hours have not yet reached 
the longer hours), the differences in initial distributions will cause an apparent shift in 
parameters making it appear that the units are unstable. 
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RELIABILITY DATA ON A GERMANIUM PNP ALLOY TRANSISTOR 

(Figure 18.9) 

Graph A — It should be noted that the definition of failure for this test condition is 
very tight; the end of life limits are the same as the initial limits. Note the delay — 
no failures for 125 hours, then a sharp rise and a gradual decrease in rate of 
failure until by 5,000 hours it appears that a constant failure rate has been 
obtained. 

Graph B — The same general pattern at 100°C (maximum rating) but not as clear cut. 
Even though the definition of failure has been loosened the failure rate is higher 
in the constant failure rate region. This demonstrates the effect of higher tem- 
perature stressing. 

Graph C — For this operating life test at full rated power, there is no apparent delay 
initially. The failure rate decreases, but slowly, until about 5,000 hours. After 
that it appears constant. The reason that this test only extends to 20,000 hours 
while the previous two went to 25,000 is that only the “on” time of the 50 minute 
on — 10 minute off cycle is counted; actual elapsed time is approximately 23,000 
hours. The last 2,000 hours give the appearance of the start of wearout; however 
it will be noted that this is the result of only one failure. A study of the total 
sample of graphs D and E shows no shift of the main portion of the distribution 
up to this point leading to the conclusion that this is not the beginning of wearout. 


Graphs D & E — These curves show that on cycled operating life test the principal 
cause of failure is an increase in Icso. However, as has been pointed out, the main 
portion of the distribution is very stable. The hre decreased for most units initially 
but over the last 10,000 hours was quite stable. 

Graphs F & G — The units represented by these curves are early engineering samples 
utilizing the molecular sieve getter which has made this family of transistors so 
reliable. On high temperature storage, the stability of both Icso and hr is out- 
standing after the initial few thousand hours. Lack of signs of wearout at this 
high stress level after five years of testing indicates the long life which can be 
expected at normal use conditions. 
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RELIABILITY DATA ON A SILICON NPN GROWN DIFFUSED TRANSISTOR 
(Figure 18.10) 


Graph A — The definition of failure limits on this shelf storage test are the same as 
the initial limits. As in the case of the alloy, there is an increasing failure rate 
initially followed by a rapidly decreasing failure rate. 

Graphs B,.C, & D — All three curves show similar decreasing failure rate patterns right 
from the start with the 500 mw operating test the most extreme. Any delays which 
exist are not observed since the first set of measurements is made at 125 hours. 
The decreasing failure rate continues right out to 10,000 hours with no failures 
observed in the nearly 900 transistors (A, B, C, and D) between 8,000 and 10,000 
hours. 

Graphs E & F — These curves show that whether the stress is temperature alone or 
cycled power (both at full rating) the leakage current (Icso) is very stable. What 
changes there are in hry: are in an increasing direction which in most circuits is 
of little concern. 
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RELIABILITY DATA FOR A SILICON NPN GROWN DIFFUSED TRANSISTOR 
Figure 18.10 


RELIABILITY DATA ON A GERMANIUM PNP MESA TRANSISTOR 

(Figure 18.11) 

Graph A — This graph shows a decreasing failure rate to about 500 hours and a con- 
stant failure rate continuing out to 10,000 hours. The data is on early production 
transistors. 

Graph B — Recently, the rating on this type has been raised to 150°C maximum stor- 
age temperature. Thousand hour data on recent production shows the product 
improvement. It also shows that although the number of failures are limited, 
there still is a decreasing failure rate after the initial buildup. 
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Graph C — The data shown on this graph is on early production units. This cycled 
operating life test data indicates that out to 10,000 hours there is a decreasing 
failure rate. 

Graph D — More recent production showed a marked reduction in failure level. This 
graph shows this for the first 1000 hours. Even more recently, the rating on this 
type has been increased to 200 mw. Based on a sample size of over 400 units, 
there have not been sufficient failures to establish a failure pattern. The average 
failure rate for the latest product at 200 mw is compared on this graph to the 
average failure rate on earlier product at 150 mw. The improvement is evident. 


Graph E — The back bias life test data shown here consists actually of two life tests 
combined, one at 55°C and the second at 75°C. There were approximately equal 
sample sizes in each and approximately the same percent failure. The failure 
rate decreases very rapidly indicating the possibility of this test as a reliability 
screen, 

Graphs F through I — As in previous stability data, most change occurs in the first few 
thousand hours with a high degree of stability beyond. Icno is the most common 
source of failures; but as can be seen from the medians, the bulk of the distribu- 
tions are remaining constant or even decreasing their leakage current. 
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RELIABILITY DATA FOR A GERMANIUM PNP MESA TRANSISTOR 
Figure 18.11 


RELIABILITY DATA ON A SILICON NPN DIFFUSED 

PLANAR PASSIVATED TRANSISTOR 

(Figure 18.12) 

Graph A — As in most operating life tests at maximum rated power, this also displays 
a rapidly decreasing failure rate. 

Graphs B & C — The only appreciable change in leakage current or current gain at 
full rated power out to more than 7000 hours is an increase in Icro by the fringe 
of the distribution. 
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SILICON CONTROLLED 
SWITCH 


CHAPTER 


WHAT IS IT? 

Bf silicon 4 layer PNPN structure ANODE 

@ all layers accessible 

@ TO-5 electrically isolated case nape 
@ military reliability 

@ industrial prices 

@ available in production quantities 


WHAT FUNCTIONS CAN IT PERFORM? Gate to 


Depending on the characterization it can be CATHODE 

used as CATHODE 

M™ extremely sensitive NPNP controlled switch SYMBOL 
(complement of SCR) 

™ extremely sensitive PNPN controlled switch 
(SCR configuration) TYPICAL 

@ NPN silicon transistor A JUNCTION 

@ PNP silicon transistor BREAKDOWN 

VOLTAGES 


@ N type negative resistance (Trigistor, Tran- 
switch) 

M@ S type negative resistance (Binistor) 

@ four layer diode (Shockley Diode) 


@ zener diode 


WHAT ARE ITS APPLICATIONS? 


time delay generator 


SCR trigger pulse generator 
tone generator 

pulse generator 

telemetry oscillator 
sensitive voltage level detector Go © oO Gap 
bistable memory element 

binary counter 

ring counter . - 
shift register 
relay driver BASING — BOTTOM VIEW 
indicator lamp driver 

low level SCR 


low level complementary SCR 
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INTRODUCTION 

The General Electric 3N58 series device (formerly ZJ93) is a silicon controlled 
switch (SCS) designed for use in industrial and military digital computer and control 
applications. It is a four layer (PNPN) device with all four layers accessible. It can 
therefore be used as a PNPN controlled switch, NPNP controlled switch, NPN tran- 
sistor, PNP transistor, N type negative resistance device, S type negative resistance 
device (negative conductance), four layer diode, and zener diode. It is characterized 
specifically as a PNPN and a NPNP device with designations 3N58 and 3N59. 

Its TO-5 isolated case package, extremely high firing sensitivity, and forty volt 
rating make it suitable for applications including sensitive voltage level detectors, 
bistable memory elements, binary counters, shift registers, ring counters, telemetry 
oscillators, time delay generators, pulse generators, tone generators, relay drivers, indi- 
cator lamp drivers, SCR trigger generators, low level SCR and low level complemen- 
tary SCR. The IRE semiconductor symbol for this device is shown in Figure 19.1. 


A 
A Ga 
A= ANODE 
C = CATHODE 
Ga Ga = GATE ADJACENT 
TO ANODE 
Gc Gco= GATE ADJACENT é 
TO CATHODE c 
Cc 
Cc 
(A) (B) 


SYMBOLS FOR SILICON CONTROLLED SWITCH 
Figure 19.1 


This symbol offers a clear picture of the semiconductor structure of the device. In 
circuit applications, however, the alternate symbol suggested by current silicon con- 
trolled rectifier usage may be of help in visualizing the significance of the gates. 


| ALUMINUM WIRE FROM 
TAB ON HEADER 4 > THE ANODE 


<CReeeneR! wi teeceaar, 
(i a | 


GATE Gay 


HOLES FOR HEADER LEADS 


ALUMINUM WIRE 
FROM GATE Gc THE 


DIFFUSED REGION 


SHADED AREAS ARE GOLD 


SLOT 


CERAMIC DISC 


METHOD OF CONSTRUCTION — TOP VIEW 
Figure 19.2 


336 


es Sit ICON CONTROLLED SWITCH 


CONSTRUCTION 


The SCS is essentially an NPN diffused base transistor with a third junction to 
form a PNPN device. The transistor structure is a bar approximately 10 mils in cross 
section and 10 mils effective length. For mechanical strength, low thermal resistance, 
electrical case isolation, and manufacturing ease, the bar is mounted on a ceramic disc 
or fixed-bed mounting. This method of construction is shown in Figure 19.2 below. 
A wafer of non-porous ceramic material which has the same coefficient of thermal 
expansion as the pellet forms the base of the mechanical structure. Gold is deposited 
on the disc in four areas to form electrical contacts. Header wires projecting through 
holes in the disc are bonded to the disc with a gold-tin alloy. The transistor bar is 
mounted across a narrow slot in the disc with the diffused base region over the slot. 
The bar is alloyed into gold areas on either side of the slot. Aluminum wires alloyed 
into the bar make the remaining two connections. The aluminum wire to the diffused 
base forms the cathode gate (G.). The other wire forms the anode (A) junction. Header 
leads are made of kovar with a coating of 24 carat gold of 0.04 mil minimum thickness. 

To ensure stability with life all parts are outgassed prior to capping in a nitrogen 
atmosphere. Two gettering materials “molecular sieve” and fiber glass, used to absorb 
any possible outgassing materials after capping, are firmly held at the top of the cap. 
They absorb water vapor as well as many organic vapors. The case meets the TO-5 
outline and has all leads electrically insulated from the case. The lead locations and 
packaged dimensions are shown in Figure 19.3. 


.335 MAX 
325MIN 
ita 


-260 MAX 150 MIN 
-250MIN (NOTE!) 


DIMENSIONS WITHIN 
JEDEC OUTLINE 
TO-5 


WOTE 1: This zone is controlled for auto- 
matic handling. The variation in actual 
diameter within this zone shall not exceed 
010. 


WOTE 2: Measured from max. diameter of 
the actual device, 


WOTE 3: The specified lead diameter ap- 
plies in the zone between .050 and .250 
from the base seat. Between .250 and .5 
maximum of 021 diameter is held. Outside 
of these zones the lead diameter is not 
controlled, 


TO-5 PACKAGE DIMENSIONS 
Figure 19.3 


THERMAL CHARACTERISTICS 


Since PNPN devices tend to turn on more readily at high temperatures the silicon 
control switch is characterized to remain non-conducting, i.e., “block” current at its 
maximum rated voltage while at its maximum rated junction temperature. Its dissipa- 
tion rating is designed to avoid exceeding this maximum junction temperature. The 
transient thermal resistance curve in Figure 19.4 permits calculation of the maximum 
junction temperature for pulsed input power. 
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TRANSIENT THERMAL RESISTANCE—ry -°C/MW 


ne 10> 102 10! \ 10 100 


TIME - SECONDS 
TRANSIENT THERMAL RESISTANCE JUNCTION TO CASE — SCS 3N58 SERIES 


Figure 19.4 


For single load pulses separated by more than 10 seconds the rise in junction tem- 

perature (T),) is given by 
Th =P rr 

where rv is the transient thermal resistance at the time of the end of the pulse of power 
P. For example, for a 20 microsecond pulse of 1 watt power Tn = (1000) (.005) = 5°C. 

For repetitive pulses of equal amplitude the maximum junction temperature can 
also be calculated from the transient thermal resistance. The method is covered in 
detail in the General Electric Silicon Controlled Rectifier Manual.* However, a con- 
servative estimate of maximum junction temperature is given by 


Rs Ta tk Rr + P xp 


where P is the pulse power, Ts the ambient temperature, t the pulse width, 7 the 
period between pulses, Rr the steady state thermal resistance, and rz the transient 
thermal resistance at time t. 

For pulses shorter than 20 microseconds the thermal mass of the junction controls 
heating. The junction thermal mass is 2 Xx 10° joules per degree centigrade, i.e., 
2 X 10° watt-seconds will raise the junction 1°C. Illustrating this, a .1 ufd capacitor 
charged to 40 volts on discharging into the SCS will raise the junction temperature by 


cv? 1  _ (1) (1600) 5 
Sh ea = sl = 40°C. 
*—~"2 ~ 2x10" 10° (4) (10-4 


TWO TRANSISTOR ANALOGUE OF PNPN SWITCH 


The two transistor analogue shown in Figure 19.5 is very useful in understanding 
the operation of PNPN structures such as the SCS. 
*See Chapter 1 Reference List 
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A 
Q> PNP 
Q 
NPN 
Cc 
PNPN NPN —PNP TRANSISTOR 
STRUCTURE EQUIVALENT ANALOGUE 


TRANSISTOR ANALOGUE OF PNPN SWITCH 
Figure 19.5 


The PNPN structure is considered to be equivalent to an NPN and PNP transistor 
interconnected in a positive feedback configuration. The specific characteristics of each 
junction can now be interpreted in transistor terms, taking advantage of the circuit 
theory developed for transistors. Transistor and SCS terminology will be used inter- 
changeably as required. 

When the anode is positive with respect to the cathode the center junction (corre- 
sponding to the transistor collectors) is reverse biased. In this case it can be shown 


that anode to cathode current (Isc) is then given by Inc = as where I.. is the 
a fel fe2 

leakage of the center junction and hre: and hres refer to the gains of Q, the NPN tran- 
sistor and Q, the PNP transistor respectively. When hre: * hree < 1, Isc is a relatively 
small current hence the PNPN is said to be “blocking.” 

When hye: * heey = 1 the loop gain is unity and Ixc as defined, becomes infinite. 
In practice it increases to a value limited only by circuit impedance. At unity loop gain 
PNPN structures turn “on” at a speed determined by the effective frequency response 
of the two transistors. The condition a; ++ az = 1 commonly used in PNPN literature 
is identical to hre: * hre2 = 1. Current gain hr. is a function of Vex, Ic, Vax and tem- 
perature as shown in Figure 19.6. These variables, alone or in combination may be 
used to increase hr. sufficiently to achieve unity gain. 


TEMP. 
PARAMETERS CONTROLLING hi. 
Figure 19.6 


The rise in hre with Vcr is the result of approaching the breakdown voltage of the 
collector junction. As hr. increases it causes Ic to also increase. Therefore, raising the 
anode voltage near breakdown results in unity loop gain and the device turning on. 
The usual method of turning on the device is to increase Ic by applying a base current 
to either transistor. In this manner the device may be turned on when the junction 
voltages are well below breakdown. It is also possible to turn on the device by apply- 
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ing forward bias voltage only. Theoretically, for a transistor, Ic = hre Ico when the 
base current is zero. Therefore, Ic increases from Ico to hre Ico as the emitter junction 
is forward biased. This latter value of Ic may be adequate to yield unity loop gain in 
a PNPN device. Since hre and Ico both increase with temperature then the sensitivity 
to turn on increases with temperature. Anode to cathode characteristics for forward 
bias are as shown in Figure 19.7. 


+ 
+ 
Tac 
FORWARD BIAS 
(BLOCKING DIRECTION) 
Iy-4- - 


Vac \ 
ANODE TO CATHODE BLOCKING CHARACTERISTICS 
Figure 19.7 


It is seen that only a small leakage current exists for low blocking voltages. As volt- 
age is increased until it approaches the center junction breakdown, hre increases due 
to its dependence on voltage. Unity loop gain is reached and Vac no longer increases. 
It does not drop, however, until the loop gain can be unity due to hre dependence on 
current alone. As I, builds up to meet the above criteria Vac is essentially constant. 

Unity gain may also exist with various combinations of I, and Vac. This generates 
plateaus in the “negative resistance” region between the breakdown voltage and the 
forward conducting region, leading to partial switching if the chosen load line inter- 
sects a plateau. Partial switching is avoided by turning the device on by a gate input 
or by using a lower impedance load. 


GATES FORWARD 


BIASED 
HIGH GATE CURRENTS 
oaenT r wage 1. GATES REVERSE 
[*— BIASED 
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BLOCKING CHARACTERISTICS 
Figure 19.8 


Reverse biasing the gates raises the collector junction breakdown. Applying forward 
bias to either or both emitter junctions lowers the breakdown voltage until in the limit 
the characteristic resembles that of a forward biased diode. Once turned on the PNPN 
switch stays on until the “holding current” is reached. At this current, loop gain falls 
below unity and the switch turns off. 

To turn off the SCS, the anode current must be reduced below the holding current. 
This can be achieved either by actually reducing I, or by increasing In. The usual 
techniques for reducing I, include reverse biasing the anode, diverting I, by a shunt 
current path or incorporating the SCS in an under-damped tuned circuit. 


40 2a LTRS en SL a 


To raise the holding current, loop gain is reduced by reverse biasing the gates. 
Because of the inherent regeneration in a PNPN device, reverse bias is not easily 
attained. In fact while the voltages seen on the device leads may show reverse bias, 
because of resistance in series with the leads, the junctions may remain forward biased. 
If, as is the case with the SCS, the PNP analogue transistor has much lower gain than 
the NPN, the SCS can be turned off by diverting only a fraction of the anode current 
through the NPN base lead (G.). (For reasons discussed later this only applies to low 
anode currents.) On the other hand, very nearly the full anode current is required by 
G, to turn off the SCS. 


When the anode is negative with respect to the cathode, the middle junction is for- 
ward biased; the other two junctions reverse biased. The reverse biased junctions will 
share the voltage on the basis of their breakdown voltages or leakage currents. Should 
one of these junctions be shunted by a resistor as is common in many biasing circuits, 
the full reverse voltage would be applied to the other junction. Figure 19.9 shows the 
breakdown voltages that can be expected under various conditions of emitter junction 
shunting. 

Vig gpl erences 


RESISTOR 
= SHUNTING 
Q, EMITTER 


Q, EMITTER 


t SHORTED Q,EMITTER tac 
+ BOTH SHORTED 
GATES OPEN BOTH 
EMITTERS 
SHORTED 


REVERSE ANODE TO CATHODE CHARACTERISTICS AS A FUNCTION 
OF GATE CIRCUIT 


Figure 19.9 


GENERAL COMPARISON WITH OTHER SEMICONDUCTORS 


The SCS can be used in some applications in place of four layer diodes, trigistors, 
transwitches, unijunction transistors, controlled rectifiers and binistors. Therefore the 
extensive literature on these devices is directly applicable to the SCS. Since the SCS 
may replace such a variety of devices, the importance of the designer's viewpoint is 
evident. That is, how he intuitively visualizes the mode of operation of the device, 
channels his thoughts into specific circuit configurations. With this in mind, the com- 
parisons that follow are aimed at offering the greatest insight into the similarities be- 
tween these devices without dwelling on minor specification differences. 


COMPARISON WITH SILICON CONTROLLED RECTIFIER 


The 3N58 is characterized essentially as a sensitive SCR. Figure 19.10 shows the 
symbol equivalence. 
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ANOD ANODE 
G, (NO CONNECTION) 
GATE GATE 
Gc CATHODE CATHODE 


E 
scs SCR 


CORRESPONDENCE BETWEEN SCS AND SCR SYMBOLS 
Figure 19.10 


The SCS, being designed for low level logic and general industrial control and 
computer switching, is characterized by low leakage current, anode currents below 
0.5 amperes, voltage ratings below 60 volts, low holding currents, sensitive well defined 
firing conditions and small physical size. Within these constraints both devices can 
perform the same functions. 

Some SCR applications apply a reverse bias to the gate junction. Generally the 
gate must be clamped to avoid excessive dissipation. The SCS maximum gate current 
ratings apply to the reverse bias on the gates as well as forward bias to fire. The SCS 
firing sensitivity permits a high resistance to be connected in series with the gate to 
minimize dissipation without the necessity for clamping diodes. 

A 40 volt reverse bias can be applied to Ga. To take advantage of this the SCR 
circuitry can be adapted to a “complementary” configuration as suggested in the next 
section. 


COMPARISON WITH COMPLEMENTARY SCR 


A PNPN structure always blocks in one direction only, i.e., when the P end is 
biased positive. The complementary SCR therefore also blocks in the same direction 
as the conventional SCR. It differs from a conventional SCR in that the gate is adjacent 
to the anode and fires the SCR when a negative pulse is applied to it. 


ANODE ANODE 
ALTERNATE 
SERIES DIODE 
alee GATE 
(GATE)! 
(NO CONNECTION) 
CATHODE Serene 


I, 

SZ _ SERIES DIODE ENHANCES 

~~ REVERSE VOLTAGE CAPABILITIES 
4 (SEE TEXT) 


scs COMPLEMENTARY SCR 
CORRESPONDENCE BETWEEN SCS AND COMPLEMENTARY SCR SYMBOLS 


Figure 19.11 


An SCR is generally required to withstand reverse voltage. When the SCS is reverse 
biased the cathode junction breaks down at about four volts. Higher reverse voltages 
are therefore blocked by the anode junction. If a DC gate signal return exists between 
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Ga and A, it is in parallel with the anode junction and appears as a reverse leakage 
current. This is shown in Figure 19.9. This leakage current through the load can be 
avoided by connecting a diode in series with the cathode as shown in Figure 19.11. 
An alternate method is to connect a diode in series with the gate as shown. In this 
case the gate can be used to turn off the SCS while Ge is used to turn it on. 


COMPARISON WITH TRIGISTOR, TRANSWITCH 


The trigistor and transwitch are similar in that they are PNPN devices capable of 
stable blocking or conducting states without a maintaining input being required. They 
can be switched to either state by an appropriate input. In SCR terminology the SCR 
can be turned on and off from the gate. A positive pulse turns it on; a negative, off. 


(COLLECTOR) 
ANODE COLLECTOR 
(NO CONNECTION) 
BASE 
(BASE) 
CATHODE 
(EMITTER) ali 
scs TRIGISTOR, TRANSWITCH 


CORRESPONDENCE BETWEEN SCS AND TRIGISTOR, TRANSWITCH SYMBOLS 
Figure 19.12 


The SCS can also be turned on and off by gates as indicated in Figure 19.12 above. 
Ge will only turn off anode currents below about 4 ma. For anode current up to 50 ma 
the load may be connected to cathode and Ga, used for turn off. 


COMPARISON WITH FOUR LAYER DIODE 


The four layer diode can be considered to be an SCS with no gate leads as shown 
in Figure 19.13. The SCS, however, is not characterized in narrow ranges of forward 
breakover voltage. 

TERMINAL TERMINAL 


ANODE ADJUST 
FOR DESIRED 
Ga BREAKOVER 
(NO CONNECTION) VOLTAGE 


(NO CONNECTION) 
CATHODE 


scs FOUR LAYER DIODE SCS EQUIVALENT 
(A) FOUR LAYER DIODE 
(B) (c) 
CORRESPONDENCE BETWEEN SCS AND 
FOUR LAYER DIODE 


Figure 19.13 
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A diode of any desired breakdown voltage within the ratings of the SCR can be 
synthesized as shown in Figure 19.13(c) by adding a voltage divider across the SCS. 
When the anode voltage reaches the desired breakover voltage the divider is arranged 
to supply the required gate firing input. Better stability with temperature and voltage 
transients will result from returning the cathode end of the divider to a negative bias 
voltage. In some applications it may be more convenient to connect the divider to 
Ga rather than Ge. 


COMPARISON WITH UNIJUNCTION TRANSISTOR 


Physically the two components are different. However, both devices are capable 
of generating negative resistances. The unijunction transistor is uniquely suitable for 
timing and oscillatory applications based on RC charging networks. It uniquely com- 
bines very low leakage current, low current to fire, circuit variable “breakover voltage” 
and self-compensation for temperature or power supply variations. Its controlled high 
holding current makes it suitable for delivering high energy pulses for SCR firing 
circuits. The SCS on the other hand has a very low holding current making it more 
suitable for low power bistable circuits. It can also be used for SCR firing provided the 
load is AC coupled or some other precautions are taken to turn the SCS off. Figure 
19.14 shows the voltage divider necessary to synthesize the unijunction transistor. 
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CORRESPONDENCE BETWEEN SCS AND 
UNIJUNCTION TRANSISTOR 


Figure 19.14 


COMPARISON WITH BINISTOR 


The binistor is very similar to the SCS in that both devices have leads connected 
to all four semiconductor layers. The binistor is characterized specifically as a tran- 
sistor with an extra control lead. While this characterization leads to many useful and 
novel circuits it does not suggest to the circuit designer the SCR, trigistor, transwitch 
and unijunction transistor applications of which the device is capable. Figure 19.15 
shows the one-to-one correspondence between the binistor and SCS. 
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(INJECTOR) 


INJECTOR 
ANODE 
Ga COLLECTOR 
(COLLECTOR) 
BASE 
(BASE) 
CATHODE EMITTER 
scs BINISTOR 


CORRESPONDENCE BETWEEN SCS AND BINISTOR 
Figure 19.15 


In general, circuits designed for the binistor will operate with the SCS without 
any circuit modification. SCS circuits, however, are capable of higher voltage, higher 
dissipation operation. 


DEFINITION OF TERMS USED IN SCS SPECIFICATIONS 
BASIS FOR NOMENCLATURE 


PNPN devices available at present do not have a common nomenclature. In part, 
this is due to their different construction ranging from the two terminal four layer 
diode to the four terminal binistor. SCR nomenclature on the other hand reflects the 
surge problems associated with rectifier applications. SCS nomenclature permits the 
reverse characteristics of all three junctions to be specified. The anode forward char- 
acteristic and gate firing characteristics can also be specified fully. Figure 19.16 illus- 
trates the principles used in assigning symbols. 
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SCS NOMENCLATURE 
Figure 19.16 
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MAXIMUM RATINGS 

Anode Blocking Voltage — With the anode forward biased, the anode blocking 
voltage is the minimum static voltage at which the SCS will remain non-conducting. It 
is the maximum voltage at which the SCS leakage current will not exceed a specified 
value indicated in the anode blocking current rating. 

Anode Reverse Voltage — With the anode reverse biased the anode reverse voltage 
is the maximum voltage at which the SCS leakage current will not exceed a specified 
value. The gates are generally biased as in the Anode Blocking Voltage Test. Where 
the biasing resistors mask the true voltage breakdown of the junctions additional data 
is supplied. 

Gate to Cathode Reverse Voltage — The maximum voltage at which the gate leak- 
age current will not exceed a specified current. All other leads are open circuited. 

Continuous D.C. Forward Current — The forward current is the maximum anode 
to cathode current when the device is turned on and is primarily limited by the dissi- 
pation rating of the SCS. Gate current ratings are defined separately. This current can 
be exceeded as is implied by the peak current forward current rating if precautions 
are taken to limit the maximum junction temperature. 

Peak Recurrent Forward Current — Maximum forward anode to cathode current 
when the device is on with specified time and temperature conditions. Peak current is 
recurrent at 400 cps unless otherwise specified. For shorter duration peak currents 
such as are characteristic of capacitor discharge the thermal mass rating determines 
the permissible peak current. 

Peak Gate Current — Maximum gate current with same time temperature and 
recurrence as peak recurrent forward current. The same rating applies whether the 
gate is forward or reverse biased. 

Average Gate Current — Average gate current rating applies to both forward and 
reverse gate current and is limited primarily by dissipation. 

Operating Temperature Range — The operating temperature range is the range in 
which the SCS will exhibit blocking characteristics under specified biasing conditions. 
Life tests are used to ensure no failure mechanisms or degradation characteristics over 
this temperature range. 

Storage Temperature Range — Storage temperature range defines the temperature 
range in which life tests have shown no failure mechanisms or degradation char- 
acteristics. The SCS will not necessarily exhibit its blocking characteristic over the 
whole range. 

Dissipation — The maximum total power dissipation in an ambient of 25°C. The 
rating applies to operation with free air cooling unless otherwise specified. 


ELECTRICAL CHARACTERISTICS 

Anode Blocking Current (In) — Is is the anode current in the forward biased anode 
while blocking voltage at a specified junction temperature and specific gate biases. 

Gate Reverse Current (I¢ Ice Ica) — Ia is the leakage current in a reverse biased gate 
with other electrodes connected as specified. Isc is the leakage of the cathode junction; 
Ica of the anode. 

Gate Current to Fire (Iar Iere Iara) — lar is the gate current required in the direc- 
tion of forward gate bias to turn on a blocking anode under specified circuit conditions. 

Gate Voltage to Fire (Var Voare Vara) — Ver is the gate voltage at which the SCS 
turns on under specified circuit conditions. 
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Anode Forward Voltage (Vx) — Voltage from anode to cathode after SCS has fired 
with specified gate biases and temperature. 
Anode Holding Current (In) — In is the minimum anode current at which SCS will 
not turn off under specified circuit conditions and temperature. 


DEFINITIONS 
‘ Fire — Undergo the transition from forward blocking to saturation. This is the 
turning on’of the SCS. 

Static Voltage — A voltage which is applied gradually. Specifically a voltage applied 
at a rate that if the rate were doubled there would be no change in the measurement 
under test. 

Dynamic Voltage — A voltage applied rapidly enough to induce changes in meas- 
urements made under static conditions. Specifically, the breakover voltage is a func- 
tion of the rate of rise of anode voltage. 


GATE CHARACTERISTICS 


The SCS has two gates: Gc and Ga. Ge is the gate adjacent to the cathode and Gy, 
is the gate adjacent to the anode. Both of these are effective in firing the SCS, therefore 
it is essential that the conditions of both be specified in defining firing sensitivity. 


Gc CHARACTERISTICS 


Since the SCS is fabricated from an NPN transistor structure, Ge characteristics are 


identical to common emitter input characteristics. The characteristics are shown in 
Figure 19.17. 


REVERSE BREAKDOWN VOLTAGE 4 TO 6V REVERSE BREAKDOWN VOLTAGE 70 TO 120 
tp AT Ig= 50uA = 10002 Th AT Ig= IOMA =400 
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‘ 
‘py AT Ig=-IMA = 5K rp AT Ig =-IOMA =2002 


dVgpo/dT = -2MV/ °C TURN OFF GAIN = | 


TURN OFF GAIN = 2 TO6 
G- CHARACTERISTICS 
Figure 19.17 


G, CHARACTERISTICS 
Figure 19.18 


When Ge is forward biased ry’ shows the variation common to transistors. Minority 
current flow modulates the base resistance decreasing it at high currents. When Ge is 
reverse biased modulation ceases and ry’ increases. The reverse current out of Ge is 
limited to about 1 ma before the gate is clamped to the cathode via the 5 volt emitter 
breakdown voltage. This reverse current will turn off the SCS when I,<2 ma and Ga 
is open, or I4<4 ma when Gz is shorted to A. 


Gs CHARACTERISTICS 


Ga is the collector of the NPN transistor and therefore has a series “saturation” 
resistance. Its characteristics are shown in Figure 19.18. 

While reverse biasing Ga readily turns off anode currents of 50 ma, turn off gain is 
unity. The 200° effective series resistance requires approximately 10 volts of reverse 
bias to develop a 50 ma gate current. The turn off gain is essentially unaffected by 
opening or shorting Gc. 


FIRING CHARACTERISTICS 
Four limit combinations of gate biasing are possible as shown in Figure 19,19. 
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BREAKOVER VOLTAGE 
REVERSE VOLTAGE 
Va VOLTS 
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Vere VOLTS (TO FIRE) 


TYPICAL ANODE CHARACTERISTICS FOR SPECIAL 
GATE BIASES 


Figure 19.19 


It is significant that shorting out an emitter junction does not destroy the PNPN 
characteristic. Figure 19.20 shows the location of Gc and A wires on opposite sides of 
the bar. Anode current can readily forward bias Ge due to the cross-base resistance. 
Similarly Ga can be forward biased due to the ohmic “saturation resistance” inherent 
in this structure. 
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EXPANDED VIEW OF SCS STRUCTURE 
Figure 19.20 


The shorted configurations are useful in decreasing sensitivity in the presence of 
noise, high temperature, or dV/dt problems. SCS type 3N58 is essentially a “gates 
open” characterization. The extremely low Ico of the center junction gives a 40 volt 
minimum blocking voltage at 150°C while simultaneously offering very high sensitivity. 
A negligible gate current is required to fire. Typically, forward biasing Ge is sufficient. 
SCS type 3N59 is characterized with Ge shorted. This configuration offers high block- 
ing and reverse voltage. Sensitivity is decreased sufficiently that a forward bias gate 
current is always required to fire. 
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TYPICAL GATE FIRING CHARACTERISTICS VS. TEMPERATURE 
Figure 19.21 


Figure 19.21 indicates the change in firing characteristics with temperature. The 
firing voltage decreases with temperature as can be expected from the transistor 
analogue analysis. The 3N59 firing current also decreases with temperature showing 
the increased tendency to turn on at high temperatures. The typical 3N58 fires with 
less than 0.1 ua input current over the whole range of temperature. 


TURN-OFF CHARACTERISTICS 


As was indicated in discussing gate characteristics Iac reverse is limited to approxi- 


mately 1 ma. Only currents in the range of 4 ma can be turned off with Gc. Turn off 
gain is about 2. 


Ga can turn off anode currents of 50 ma but the required gate voltage may be 
impractical at this current level. Turn off gain is approximately 1. 


ANODE TO CATHODE CHARACTERISTICS 


Some anode to cathode characteristics or simply “anode characteristics” depend 
strongly on gate biasing. These have been discussed in the gate characteristics section 
to a large extent. Other anode characteristics such as the forward conducting voltage, 
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the holding current, and reverse leakage are relatively independent of gate biasing. 
The dV/dt or rate-of-rise of anode voltage problem, speed of turn-on, and recovery 
time during turn-off will also be discussed in this section. 


RATE EFFECT — dV/dt 

When anode blocking voltage is applied the capacitance of the middle junction 
becomes charged. If the voltage is applied slowly the charging current is small and 
can be ignored. If the anode voltage is applied rapidly, the charging current, as it flows 
through the emitter junctions, may raise hre sufficiently to cause turn-on. Figure 19.22 
indicates the middle junction capacitance is under 5 picofarads. 
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CENTER JUNCTION CAPACITANCE 
Figure 19.22 


Another way of looking at this problem is to consider the equivalent analogue 
transistors as being charge controlled devices. If the input charge is supplied at a rate 
slow compared to the recombination time of the transistors, the SCS will block. If it is 
supplied rapidly the transistors will only turn-on if the charge supplied is comparable 
to the charge required to turn them on. The latter charge is determined by the fre- 
quency response of the transistors. 
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TYPICAL DYNAMIC BREAKOVER CHARACTERISTICS 
Figure 19.23 


Figure 19.23 illustrates typical SCS behavior. At “static” voltages the forward 
breakover voltage is a function of gate biasing resistance. As dV/dt is increased the 
breakover voltage drops to a plateau determined by the charge requirements discussed 
in the previous paragraph. The gate resistor shunts some of the charge around the 
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emitter junction increasing its tolerance to dV/dt. At high temperatures the device is 
more sensitive therefore the dV/dt charge introduced is more effective in lowering 
the breakover voltage. The typical data in Figure 19.24 illustrates the above facts. 
The breakover voltage shown is the plateau value using a 1 nanosecond risetime 
voltage source. 


MINIMUM DYNAMIC BREAKOVER 
VOLTAGE IN 


—3N58 CONFIGURATION 
-3N59 CONFIGURATION 
-3N58 CONFIGURATION WITH 


Véc = -IV 


-3N59 CONFIGURATION WITH 
V6a = +1V 


STATIC BREAKOVER VOLTAGE 


TYPICAL DYNAMIC BREAKOVER VOLTAGE CHARACTERISTICS AT 25°C 
Figure 19.24 


BREAKOVER VOLTAGE 

The maximum breakover voltage is the breakdown voltage of the center junction. 
Gate biasing and dV/dt invariably lowers this voltage. The breakdown voltage increases 
with rising temperature but is within 10% of its 25°C value from —65°C to +150°C, 


HOLDING CURRENT 
Figure 19.25 shows the variation of holding current with temperature. The exist- 
ence of In at 150°C indicates the device is still able to block in the forward direction. 
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FORWARD VOLTAGE 


The forward voltage is relatively insensitive to temperature as shown in Figure 
19.26. In calculating dissipation at high peak currents a conservative approximation 
for Vy is Vr = 1.1 + 5 ila. 
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Figure 19.26 


REVERSE LEAKAGE CURRENT 

At 25°C and rated voltage the leakage current is typically below 1 nanoampere 
and never exceeds 0.1 microampere. At 150°C essentially all units still have under 
1 microampere leakage. 


BLOCKING LEAKAGE CURRENT 

The leakage current in the forward or blocking direction can be higher. At 25°C 
and rated voltage it is essentially identical to the reverse leakage. As Figure 19.27 
shows, at 150°C leakage currents are typically 0.5 microamperes. 
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BLOCKING CURRENT VS. TEMPERATURE 
Figure 19.27 
TURN-ON TIME 
While fa» is approximately 30 mcs for the effective NPN transistor, the PNP is 
significantly slower, fa, being about 1 mc. Delay and rise time of anode current depend 


both on the gate and load currents. Figure 19.28 shows typical waveforms seen as the 
currents are varied. 
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CIRCUIT DEPENDENCE OF TURN-ON TRANSIENT 


Figure 19.28 


At low anode currents and high gate currents the SCS equivalent circuit is an NPN 
transistor with its collector coupled to the load by a diode as shown in Figure 19.28(b). 
The fast response time of the NPN drives it into saturation before the PNP transistor 
becomes effective regeneratively. A gate current barely adequate to turn on the SCS 
will result in a long delay time prior to a rapid turn on. For intermediate gate and load 
currents the 3N58 may exhibit partial turn on followed by rapid regenerate turn on. 

The 3N59 is fired by turning on the PNP section. Since it is inherently slow a large 
gate current is necessary to minimize delay before firing. However, once the PNP 
section becomes active, loop gain increases rapidly resulting in a turn-on time of less 
than 20 nanoseconds. Figure 19.29 tabulates turn-on time to final load current for the 
3N58 as a function of load current, gate current and temperature. 
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TURN-ON TIME OF 3N58 (MICROSECONDS) 
Figure 19.29 
RECOVERY TIME 


Recovery time has been measured as a function of anode current and temperature. 
Recovery time increases with both anode current and temperature as shown in Figure 
19.30. There is no simple way to substantially speed up recovery time, consequently 
the maximum speed of the SCS is limited to about 100 kes. 
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MEASUREMENT OF ELECTRICAL CHARACTERISTICS 

The test conditions given in defining and specifying the electrical characteristics 
suggest appropriate test circuits. It is possible, however, to perform semi-quantitative 
measurements on the Tektronix 575 Curve Tracer rather than construct the special 
test circuits. In particular the holding current, breakover voltage, forward voltage drop, 
gate voltage and current, and junction breakdown voltages can be measured in this 
manner. The appropriate control settings on the Tektronix 575 and the resulting typical 
traces are discussed below. 

The remaining electrical characteristics should be measured with special circuits 
in order to obtain the necessary accuracy. For example, leakage currents are too low 
in value to obtain desired accuracy on the Tektronix 575. Thus a Keithley ammeter and 
associated circuitry may be used. 


MEASUREMENTS ON TEKTRONIX 575 

The control settings to measure the various characteristics on the Tektronix 575 
are given in Figure 19.31, These suggested settings should be suitable for most units 
at room temperature. Typical waveforms corresponding to these settings are shown in 
Figure 19.32. 


TEKTRONIX 575 SETTINGS FOR SCS ELECTRICAL TESTS 
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Figure 19.32 


WAVEFORMS FOR ELECTRICAL TESTS ON TEKTRONIX 575 CRO 
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LEAKAGE CURRENT MEASUREMENTS 

The fundamental circuit for making leakage current measurements is shown in 
Figure 19.33. In particular the case of blocking current measurement is illustrated. 
One simply adjusts the power supply until the VTVM reads 40 volts. The voltage must 
be increased slowly to 40 volts to avoid firing the unit in the blocking condition. For 
the same reason one may wish to set the meter initially in the “short-circuit” position 
since only the 10K resistor limits the load current for the “on” condition. 


0-100V 


KEITHLEY 
METER 


"LEAKAGE CURRENT (Is Ix) MEASUREMENTS 
Figure 19.33 


For measurements on the 13A1 Re = 10K. For the 3N59 unit Re = 0. To measure 
the reverse leakage current simply reverse the battery polarity from that shown in 
the circuit. 


DYNAMIC BREAKDOWN VOLTAGE MEASUREMENTS 

For these measurements a step voltage input with 800 © impedance is applied to 
the SCS. This voltage was applied by means of a mercury relay switch with a rise time 
of about 1.0 nanoseconds. The basic circuits employed are shown in Figure 19.34. 


(a) 


CIRCUIT FOR 3N58 ios CIRCUIT FOR 3N59 


DYNAMIC BREAKOVER VOLTAGE MEASUREMENTS 
Figure 19.34 
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In Figure 19.34 S, is the mercury relay switch, Re is 10K for both the 3N58 and 
3N59. With no bias applied, the potentiometer, the 10K series dropping resistor, and 
the 22.5 volt battery are removed for the 3N58. For the 3N59 Re is also removed. The 
CRO is a Tektronix 545 and a 0-100 volt regulated power supply was used to obtain 
the anode to cathode voltages. The operation of the circuit is as follows. The voltage 
from the power supply is increased until the unit conducts. The voltage applied to the 
unit is a rectangular pulse. The power supply voltage is then decreased until the unit 
just blocks again (this may be as low as 1/10 of the upper conduction voltage). This 
value is then the “true” dynamic breakover voltage. The difference in the two values 
is due to the fact that the collector capacitance develops and holds a charge while the 
voltage is “slowly” increased. This charge minimizes the dV/dt effect. 


TURN-OFF TIME MEASUREMENTS 

In order to measure the turn-off time of the 3N58 one may use the circuit shown in 
Figure 19.35. The operation of the circuit is as follows. When the switch touches the 
upper position (that shown in the figure) capacitor C. charges. At the same time Ci 
(which was previously charged to 10 volts) drives the anode to —10 volts and then 
begins to discharge. If the SCS turns off, the anode voltage will rise to +10 volts. Ci is 
adjusted to the minimum value for turn-off and the turn-off time is measured. 


HORIZONTAL SCALE = 0.5 »SEC/DIVISION 
To 0.9 4S 


O +10V 


MERCURY RELAY 
O 


= -6V 


TURN-OFF TIME CIRCUIT FOR 3N58 


Figure 19.35 


When the switch touches the lower position, C. discharges driving the unit into 
conduction again. At the same time, C, charges again so that the cycle may be repeated. 
Note that the turn-off time, to, is defined as that time when the anode voltage 
reaches zero or ground potential. This is illustrated in the waveform accompanying the 
circuit. For precision one must use a decade capacitor with small incremental steps as 
C.. As an example of suitable values, the following were found to give adequate results. 
Ee= J ma; Ru = 10K: C, = 0 — 200 pf 
i=. 0'ma; nr — 1K: C; = .009 — 0.015 uf 
Ik 100 ma, Ru = 1002: Ce = 0:1 — 0.25 uf 
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SCS APPLICATIONS 


+6V INPUT +6V INPUT 
ON AT +6V OFF AT +6 
OFF AT O ON AT O 


680K 220K 680K 220K 
AY A A‘ A 
A A 
220K 390K = 220K 390K = 
-6V -6V 
ALTERNATE ALTERNATE 
INPUT INPUT 
ON AT OV OFF AT OV 
OFF AT -6V ON AT -6V 


NOTE — Connecting A or A’ to the appropriate gate permits lamp control by positive 
or negative inputs. Lamp #344, 10 volts, 15 ma — Lamp #330, 14 volts, 80 ma. 


LAMP DRIVER 
(INCANDESCENT LAMP OPERATE ON AC WITH 304A MAXIMUM INPUT LOADING) 


Figure 19.36 


ALTERATE 
INPUT 


O-l2V 


Temperature, light, or radiation sensitive resistors up to 1 megohm readily trigger 
alarm when they drop below value of preset potentiometer. Alternately, 0.75V at input 
to 100K triggers alarm. Connecting SCS between ground and —12V permits triggering 
on negative input to Ga. 
BASIC ALARM — VOLTAGE SENSING CIRCUIT 
Figure 19.37 
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INPUT | 


Any of several inputs pulls in common alarm relay with lamps giving visual indication 
of triggering input. Low resistance lamps decrease input sensitivity. (See Figure 19.19.) 


MULTIPLE ALARM CIRCUIT 
Figure 19.38 


O +24vV 


OUTPUT 
© OUTPUT 


(®) 3N58 
220pf 220pf 
iS 


: M4 


NOTE — R.C determine half the period; RC the remainder. 
R. = Rz for square wave output. 


Transient-free square or rectangular pulses are generated with equal and oppositely 
phased outputs. Synchronization and phase control readily feasible. 


SQUARE WAVE GENERATOR 
Figure 19.39 


100 SE AROS ee 169 TNT REE SR ON OSS 


ees ST TCON CONTROLLED SWITCH 


10K 


© OUTPUT 


3-40V 
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Amplitude and frequency are variable with potentiometer setting. Frequency alone is 
variable with supply voltage. 


SAWTOOTH GENERATOR 
Figure 19.40 


O+24V 


OUTPUT 
22V 1OOMA 
INPUT 2.0V O.1MA 
OUTPUT 


220 


O+24V 


OUTPUT 


ue 


INPUT 


20V ¥ 220 
1.5MA eae 


Positive or negative pulses are amplified without inversion. Low anode current is used 
to ensure turn off. 


PULSE AMPLIFIERS — STRETCHERS 
Figure 19.41 
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-6V 
Short negative pulse initiates delay. When Ge becomes forward biased by voltage 
divider connected to timing network RC the SCS fires terminating the delay. R, C, or 
—6V bias can be varied to modulate delay. Replacing 1M resistor with zener diode will 
minimize dependence of delay on bias voltage. A transient free output is available 


at Ga. 
TIME DELAY GENERATOR — PULSE ACTUATED 


Figure 19.42 


A negative gate to NPN transistor permits C to charge through R. When the anode 
becomes forward biased C discharges yielding negative and positive outputs. The 10 
megohm resistor connected to Ge insures firing regardless of how large R is. Maximum 
R is determined only by delay stability requirements with temperature. 


TIME DELAY GENERATOR — GATE ACTUATED 
Figure 19.43 
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IN3606 
l2V RMS 


INPUT 


IN3606 


The switch is normally closed charging C and causing the SCS to block. Delay is 
initiated by opening the switch and discharging C through R. Since R is connected for 
only half of each cycle the delay is lengthened beyond the RC time constant. Follow- 
ing the delay the SCS conducts alternate half cycles. 


TIME DELAY GENERATOR — AC OPERATED 
Figure 19.44 


SCS conducts when input exceeds +1V. It stays on if Inn = 0.1 ma. It turns off when 
In = 0. On turning on, V4 is approximately —0.25V for 6.8K load. Vv, = —3V for 1K 
load. 


SCHMITT TRIGGER 
(OUTPUT IS IN PHASE WITH INPUT) 


Figure 19.45 
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ON or 
| INPUT 
s—|V 
OFF 
OUTPUT 
6.8K 
-24V 
The output is in phase with the input signal. 
BISTABLE MEMORY ELEMENT 
Figure 19.46 
O+12V 
O OUTPUT 
INPUT B 


2.0V mi 


INPUT A 


The resistor divider connected between Q, and Q. supplies In to Q; after input A trig- 
gers it. It also prevents input B from triggering Q. until Q: conducts. Consequently the 
first B input pulse after input A is applied will supply current to Rr. 


PULSE SEQUENCE DETECTOR 
Figure 19.47 
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O +12V 


2.0V INPUT B 


Unless inputs A and B (2 to 3V amplitude) occur simultaneously no voltage exists 
across Rx. Less than 1 microsecond overlap is sufficient to trigger the SCS. Coincidence 
of negative inputs is detected with gates Ga instead of Ge by using the SCS in a com- 
plementary SCR configuration. 


PULSE COINCIDENCE DETECTOR 
Figure 19.48 


= FIRST STAGE 


LAST STAGE 
Low input power triggers counter. During normal counting the common anode voltage 


never exceeds 3 volts. When the last stage turns off the anode rises towards +24 volts 
turning on the first stage. The zener also resets the counter. 


RING COUNTER — INCLUDING RESET 
Figure 19.49 
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O+I5 V 


O+l2v 


SUBSEQUENT 
STAGE 


INPUT STAGE 


FIRST STAGE LAST STAGE 


Two independent load resistors Ri. and Rx’ are available at each stage. The output at 
R,. is free from commutating transients. The input pulse provides a dead band equal 
to its width. 


STAGE PULSE INPUTS 


RING COUNTER WITH INDEPENDENT O 
OUTPUTS PER STAGE +2 
en 8 


Figure 19.50 \ 
The bistable input stage drives the first shift register stage. The charge on the cou- 


pling capacitor determines which of the coincident shift pulses triggers the SCS pro- 
ducing a shift to the right. Load resistors have a common ground. 


SHIFT REGISTER CONFIGURATION 
Figure 19.52 


= FIRST STAGE LAST STAGE 


Triggering at Ga permits loads with common ground. 


RING COUNTER— LOADS WITH COMMON GROUND 
Figure 19.51 
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220K 
ONE TRANSISTOR RADIO RECEIVER 
Figure 20.1 


TWO TRANSISTOR RADIO RECEIVER 
Figure 20.2 
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THREE TRANSISTOR RADIO RECEIVER 
Figure 20.3 
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Figure 20.6 


SIMPLE AUDIO AMPLIFIER 
Figure 20.5 
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CODE PRACTICE OSCILLATOR 


Figure 20.7 
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KEY 


sw, 8202 VOLUME 
een mee dhe 


PHONES 


TO SPKR. 
POS.| PHONES 

POS.2 PHONES-SPEAKER 
POS.3 SPEAKER 


P=S 
WIRING DETAILS OF SW, (BACK VIEW) 
(MALLORY TYPE 3123J) 


UNIJUNCTION TRANSISTOR CODE 
PRACTICE OSCILLATOR 


Figure 20.8 


NOTES: 
RATE-ADJUSTABLE FROM 40(LOW LARGO) TO 220(HIGH PRESTO) BEATS PER MINUTE 
R,-ADJUSTS HIGH RATE LIMIT 
R,-ADJUSTS LOW RATE LIMIT 


Rz-IRC TYPE QI3-328 
POTENTIOMETER (LOG TAPER) 


SPKR-UTAH MODEL SP358 3.4 Q V.C. 
SIZE 31/2" MAGNET | Oz. 
(HOWEVER, ANY SPEAKER 
CAN BE USED). 
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100 pfd 


25V 25VDC 


NOMINAL 
(@ APPROX. 4MA 


l20V 
60% 


UNIJUNCTION TRANSISTOR METRONOME 
Figure 20.9 
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R, — VARY FROM 47K TO 82K FOR DESIRED FLASH RATE 


HIGH POWER LIGHT FLASHER 
(FOR BOATS, AIRCRAFT, EMERGENCY VEHICLES, BARRICADES) 


Figure 20.10 


10-20V 
METER O-.5 MA 


CALIBRATED 
Bebeco beh 4700>3900>470 


3300 


GE-4JZ4 X 8.2B 
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POINTS 


C, IN ,»fd. FOR 2 
CYCLE ENGINE 


C, IN pfd. FOR 4 
CYCLE ENGINE 


SPARKS/REV. 
SPARKS/SEC. AT 600 RPM 


12.5 

SPARK/SEC. AT 6000 RPM 0 
TIME/SPARK AT 6000 RPM s 

45° 


| _80_| 
TIME/SPARK AT 600 RPM a a 
| 800 _| 
[1.25 | 


CAMSHAFT SPEED TO 
CRANKSHAFT SPEED zauA. Se 
CAM DEGREES/SPARK 


= S450) 
CRANK DEGREES/SPARK a) 


ULTRA-LINEAR HIGH PRECISION TACHOMETER 
(FOR AUTOMOTIVE TYPE IGNITION SYSTEMS) 


Figure 20.11 
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EXPERIMENTERS CIRCUITS 


50% FLASH DURATION 60 FLASHES PER MINUTE 
FLASHER CIRCUITS 
Figure 20.12 


NPN TEST SOCKET 


BATTERY CHECK. 


KAGE TEST: INSERT TRANSISTOR IN APPROPRIATE SOCKET. METER READING INDICATES 
N WITH RESPECT TO LEAKAGE 
GAIN TEST. 


OPENS TET ER Ee ean A SHORTED TRANSISTOR WIL 


EXPERIMENTERS CIRCUITS 


EVEREADY 
## 724 OR 
EQUIVALENT 


PNP TEST SOCKET 


TERMINAL 
STRIP (MOUNT 680 
ON METER) \/2W10% 


SHURITE METER 
O3MA. FS. 7602 
(J.B. INSTRUMENTS, 


INC. NEW HAVEN 8, 
CONNECTICUT) 


GAIN 
SWITCH CRAFT 41004 
PUSH BUTTON SWITCH 


a 
LEAKAGE 
METER SCALE 


INSTRUCTIONS FOR TRANSISTOR TEST SET 
ie ES et 


INSERT_560 OHM RESISTOR BETWEEN E AND C (EITHER SOCKET 


). IF METER 
OES NOT READ FULL SCALE, REPLACE BATTERY (EVEREADY TYPE 724 OR 
EQUIVALENT ) 


,. DEPRESS GAIN BUTTON AND NOTE INCREASE IN METER DEFLECTION. AN IN- 
CREASED DEFLECTION TO 


THE RIGHT EQUAL TO AT LEAST ONE DIVISION ON THE 
GAIN SCALE COMPARED TO THE DEFLECTION DURING LEAKAGE TEST INDICATES 
ARCEP TABLE CURRENT GAIN. 


L BE INDICATED BY AFULL SCALE 
N IN LEAKAGE TEST. AN OPEN TRANSISTOR WILL BE INDI- 
CATED BY NO METER DEFLECTION IN BOTH LEAKAGE AND GAIN TESTS. 


TRANSISTOR TEST SET 
Figure 20.13 
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2k PUSH TO READ 
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GE INI692 


PARTS 
SI-3 POLE 6 POSITION NON-SHORTING S3—S4 NORMALLY OPEN PUSH— 
SELECTOR SWITCH SWITCHES 


M-l00uA FULL SCALE METER 
Ry-METER S INTERNAL RESISTANCE 


RESULT 


READ METER DIRECT 


| _2 ____| READ METER DIRECT 
| ____3 | READ METER DIRECT 
| __4 __| READ METER DIRECT 


S2-4 POLE 2 POSITION SWITCH 


READ METER DIRECT 


READ METER DIRECT 


CALCULATE: 
hee = 2S = METER READING 
FE Ts, 20u 


CALCULATE: 
‘ By 


~ METER READING 


pope 
7 Ona 


FE 


CALCULATE: 
Toi ~Ice2 
4x107& 


WHERE: 
Ig," METER READING 


Icg™METER READING 
WITH S4 CLOSED 


hte* 


CALCULATE: 
Ici ~Ice2 
20 x10-€ 
WITH I50Q RESISTOR CONNECTED TO 
C-E OF TEST SOCKET, FULL-SCALE METER 
DEFLECTION WILL RESULT WHEN S35 

IS PRESSED. 


Nte = 


SAFE AND SIMPLE TRANSISTOR TESTER 
Figure 20.14 
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The 100 wa meter is in a network which results in a nearly linear scale to 20 ya, 
a highly compressed scale from 20 wa to 1 ma and a nearly linear scale to full scale at 
10 ma. The network permits reading Ico, Ino, Ices, and Iceo to within 10% on all tran- 
sistors from mesas to power alloys without switching meter ranges or danger to the 
meter movement. 

By making Rm + R, equal to 12K the scale will be compressed only 1 ya at 20 ya. 
Potentiometer R: should be adjusted to give 10 ma full scale deflection. The scale can 
then be calibrated by comparison with a standard conventional meter. 

If the NPN-PNP switch is in the wrong position, the collector and emitter junctions 
will be forward biased during the Ico and Ixo tests respectively. The high resulting cur- 
rent can be used as a check for open or intermittent connections within the transistor. 

The test set also measures hrz with 20 wa and 100 ua base current. Depressing the 
hr. button decreases the base drive 20% permitting hy. to be estimated from the cor- 
responding change in collector current. The tests are done with a 3302 resistor limiting 
the collector current to approximately 12 ma and maximum transistor dissipation to 
approximately 20 mw. Therefore, this test set can not harm a transistor regardless of 
how it is plugged in or how the switches are set. 

“Battery test” has been designed to give full scale meter deflection of 10 ma when 
the battery voltage is 6 volts. This is achieved by connecting 150 ohms from C to E 
of the test socket. This test assumes precision resistors. 


TONE—FREQUENCY 
SENSITIVITY CONTROL 


BROADBAND 
SELECTIVE PICK UP COIL : 
(2 TURNS NO. 18-2" DIA) 
— x SWITCH OR 
KEY 
x x0 hi 
a x 7 “i 
x' x! 
1. WAVEMETER |.KEYING MONITOR NOTE: 
2.PARASITIC 2.CODE PRACTICE OSC. AN 8OR I6 OHM LOUDSPEAKER MAY BE USED. 
DETECTOR BUT FOR OPTIMUM SOUND OUTPUT A HIGHER 


SPEAKER IMPEDANCE IS NEEDED. 


SENSITIVE BROADBAND CW KEYING MONITOR — 
CODE PRACTICE OSCILLATOR — SENSITIVE AURAL/VISUAL 
PARASITIC DETECTOR OR WAVEMETER 


Figure 20.15 
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READER’S LIST 


CHAPTER 


The following list of publications includes books pertaining only to semiconductors 
and closely related subjects. This list has been compiled so the interested reader can 
see just what books are available to him, the price, and where further information 
regarding the books may be obtained. Prices as shown may or may not be accurate 
since prices are always subject to change. 

Some books here listed contain quite extensive bibliographies. For example, the 
Handbook of Semiconductor Electronics, edited by Lloyd P. Hunter contains 68 pages 
of references covering the period from 1936 through 1955. Such books as Principles of 
Transistor Circuits and Transistor Circuit Engineering edited by Richard F. Shea also 


+12V 
(AUTO FR 
pie AME) 
450 MFD 
B; 
2N2160 
330 
oF We "RIGHT “ nest 
FT'-l2v " " 
TAPPED OFF FROM RIGHT ey 
AND LEFT FLASHER 
LIGHTS ON AUTO DASH— LEFT" 
BOARD. DIODES PREVENT —l2V 
SHORT CIRCUIT. (A) 
"LEFT" 
+12V 
RIGHT" 
+12V 
AMPLIFIER 
2N32 | +] 50mFD 
25V 
3.22 
mni( SPKR 
-12V 


(AUTO FRAME) 


NOTE: "RIGHT" AND (B) 
LEFT" +12V TAPPED OFF 

FROM RIGHT AND LEFT FLASHER 

LIGHTS ON AUTO DASHBOARD. 

DIODES PREVENT SHORT CIRCUIT. 


Provides audible turn signal indication to insure signals are off after turn. Allows 


driver to keep attention on road at all times. Dash indicator lights need never be 
consulted. 


AUDIBLE AUTO SIGNAL MINDER 
Figure 20.16 
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contain extensive reference lists. 


ABC’s of Transistors 
Sams $1.25 


Advances in Semi-conductor Science 
Brook, H., — General Editor 
Pergamon (1959) $15.00 


An International Journal for Transistor 
and other Solid-State Devices 
Crawford, F., Editor-in-Chief 
Pergamon $40.00/annum 


An Introduction to the Theory and 
Practice of Transistors 

Tillman, J. R., and Roberts, F. F. 
Wiley (1961) $8.00 


Basic Electronics — Vol. 6 
VanValkenburgh, Nooger & Neville 
Rider (1960) $2.90 


Basic Radio — Vol. 5 (Transistors) 
Tepper, M. 

Rider (1960) $1.90 

Basic Theory and Application of 
Transistors 

Technical Manual 11 — 690 


Department of the Army — 
U.S. Govt. (1959) $1.25 


Basic Transistors 
Schure, A. 
Rider (1961) $5.50 


British Transistor Manual 

Bradley, E. N. 

Norman Price Pub. Ltd. (1959) 12s6d 
alsoWehman $3.00 


Crystal Rectifiers 

Torrey, H. C. and Whitmer, C. H. 
McGraw (1948) $8.50 

Crystal Rectifiers and Transistors 


Molloy, E., Editor 
British Book Service (1954) $3.60 


Design of Transistorized Circuits 
for Digital Computers 

Pressman, A. I. 

Rider (1959) $9.95 


Electrical Engineering Materials 
Dekkar, A. J. 
Prentice-Hall (1959) $6.50 


Electric Conduction in Semiconductors 
and Metals 

Ehrenberg, W. 

Oxford (1959) $10.10 


Electronic Semiconductors 
Spenke, E. 
McGraw (1958) $11.00 


Electronic Tubes and Semiconductor 

Elements — Universal Vade-Mecum 

Pergamon Vol. 1 (1961) approx. $20.00 
Vol. 2 (1962) approx. $20.00 


Electrons and Holes in Semiconductors 
Shockley, W. 
VanNostrand (1950) $9.75 


Electron Tubes and Semiconductors 
DeFrance, J. J. 
Prentice-Hall (1958) $9.00 


Experiments in Electronics 
Evans, W. H. 
Prentice-Hall (1959) $6.75 


Feedback and Stability of Junction 
Transistor Circuits 

Ioawa State College of Agriculture & 
Mechanical Arts, 

(Engineering Experimental Station, 
Ames, Iowa) (1954) $1.25 


Fundamental Principles of Transistors 
Evans, J. 


VanNostrand (1958) $6.75 
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Fundamentals of Transistor Physics 
Gottlieb, I. M. 
Rider (1958) $3.50 


Fundamentals of Transistors 

(2nd. Edition Revised & Enlarged) 
Krugman, L. M. 

Rider (1958) $3.50 


Handbook of Semiconductor Electronics 
Hunter, L. P., Editor 
McGraw (1956) $14.00 


Handbook of Transistor Circuit Design 
Pullen, K. A. 
Prentice-Hall (1961) $13.00 


International Transistor 
Substitution Guidebook 
Pullen, K. A. 

Rider (1961) $1.50 


Introduction to Junction Transistor 
Theory 

Middlebrook, R. D. 

Wiley (1957) $8.50 


Introduction to Semiconductors 
Dunlap, W. C. 
Wiley (1957) $11.75 


Introduction to the Theory and Practice 
of Semiconductors 

Shepard, A. A. 

Ungar (1959) $4.75 


Introduction to Transistor Circuits 
(2nd. Edition) 

Cooke-Yarborough, E.H. 
Interscience (1960) $3.50 


Industrial Transistor and Semiconductor 
Handbook 

Tomer, R. B. 

Sams (1961) $4.95 


Junction Transistor and Its Applications 
Wolfendale, E., Editor 
Macmillan (1958) $7.50 


Junction Transistor Electronics 
Hurley, R. B. 
Wiley (1958) $12.50 


Junction Transistors in Pulse Circuits 
Neeteson, P. A. 
Macmillan (1960) $5.50 


Metallic Rectifiers and Crystal Diodes 
Conti, T. 
Rider (1958) $2.95 


Modern prgetaton Circuits 
Carroll, J. M 
McGraw (1959) $8.50 
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Philips Gloeilampenfabrieken, 
Semi-conductors 


Philips (1959) 3.501 


Photo and Thermoelectric Effects in 
Semiconductors 

Tanc, J. 

Pergamon 


Physics of Semiconductors 
(revised & enlarged edition) 
Toffe, A. F. 

Academic Press (1960) $12.50 


Pin-Point Transistor Troubles in 
12 Minutes 

Garner, L. E. 

Coyne (1959) $5.95 


Practical Transistors and Circuits 
Kendall 
Wehman $1.00 


Practical Transistor Servicing 
Caldwell, W. C. 
Sams (1960) $2.95 


Preparation of Single Crystals 
Lawson, W. D., and Nielson, S. 
Academic Press (1958) $8. 80 


Principles of Transistor Circuits 
Shea, R. F. 
Wiley (1953) $12.75 


Principles of Semiconductor 
Device Operation 

Jonscher, A. K. 

Wiley (1960) $5.00 


Principles of Semiconductors 
Scroggie, M. G. 
lliffe (1961) 21s 


Principles of Transistor Circuits 
(2nd. Edition) 

Amos, S. W. 

British Book Service (1961) $5.25 
also Rider (1959) $3.90 


Progress in Semiconductors 

Gibson, Alan F. and others 

Wiley (1956) Vol. 1 $8.00 
(1957) Vol.2 $10.50 
(1958) Vol. 3 $8.50 
(1960) Vol.4 $10.50 
(1961) Vol.5 $11.00 


Properties, Physics, and Design of 
Semiconductor Devices 

Shive, J. N. 

VanNostrand (1959) $9.75 


Radio, Television, Industrial Tube, 
Transistor and Diode Equivalents 
Handbook 

Babani, B. B. 

Bernards (1960) 9s6d 
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Rectifying Semiconductor Contacts 


Henisch, H. K 
Oxford U. P. (1957) $11.20 


Reference Manual of Transistor Circuits 
Mullard Overseas Ltd. (1960) 12s6d 


— Transistor Radios 
Libes 
Rider (960) $3.50 


Selected Semiconductor Circuits 
Handbook 

Schwartz, S., Editor 

Wiley (1960) $12.00 


Semiconducting III-V Compounds 
Hilsum, C. and Rose-Innes, A. C. 
Pergamon (1961) $10.00 


Semiconductor Device Physics 


Nussbaum 
Prentice-Hall (1962) $8.25 


Semiconductor Devices 
Turner, R. P. 
Holt (1961) $6.95 


Semiconductor Devices and 
Aen 
Greiner, R. 


McGraw i961) $12.50 


Semiconductor-Diode Parametric 
Amplifiers 

Blackwell, L. A., and Kotzebue, K. L. 
Prentice-Hall (1961) $6.75 


Semiconductor Reliability 
Shwap, J. E., and Sullivan, H. J., 
Editors 


Eng. Pubs. (1961) $8.50 


Semiconductors 
Hannay, N. B., Editor 
Reinhold (1959) $15.00 


Semiconductors 
Schon, M., and Welker, H. 
Interscience (1958) $16.50 


Semegntors 
Smith, R. A. 
Cambridge (1959) $12.50 


Semiconductors — Vol. 1 
Desirant, M., and Michaels, J. L., 
Editors 

Academic Press 


Semiconductors and Transistors 
Schure, A. 
Rider (1961) $2.90 


Semiconductors and Transistors 
Warschaver, D. M. 
McGraw (1959) $7.00 


Semiconductors — 3rd. Edition 
Wright, D. A. 
Methuen (1958) 8s6d 


Semiconductor Surface Physics 
Kingston, R. H., Editor 
Univ. of Pa. (1956) $8.50 


Semiconductors: Their Theory and 
Practice 

Gaudet, G., and Meuleau, C. 
Essential Books (1957) $18.90 


Servicing Transistor Radios 


8 Volumes 
Sams $2.95 each 


Servicing Transistor TV Receivers 
Sams (1961) $4.50 


Solid State Physical Electronics 


VanDerZiel, A. 
Prentice-Hall (1957) $9.75 


The Physical Theory of Transistors 


Valdes, L. B. 
McGraw (1961) $10.95 


Theory of Noise in a Multidimensional 
Semi-conductor with a P-N Junction 
Solow, M. 

Catholic University of Am. Press 
(1957) $1.25 


The Surface Chemistry of Metals and 
Semiconductors 

Gatos, H. C., Editor 

Wiley $12.50 


The Transistor 
Bell Telephone Laboratories, Inc. (1951) 


By ei Audio Amplifiers 
Shea, R 
Wiley Gigs) $7.00 


Transistor (Audio Frequency) A. F. 
Amplifiers 

Jones, D. D., and Helbourne, R. A. 
Philosophical Library (1957) $6.00 


Transistor Circuit Analysis 
Joyce, M. V., and Clarke, K. K. 
Addison-Wesley (1961) $10.75 


Transistor a ircuit Analysis & Design 


Fitchen, F. 
Ven Notsand (100) $7.50 


Transistor Circuits 


Cattermole, K. W 
Macmillan (1959) $14.00 
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Transistor Circuits and Applications 


Carroll, J. M. 
McGraw (1957) $8.00 


Transistor Circuit Engineering 
Shea, R. F., Editor 
Wiley (1957) $12.00 


Transistor Circuit Handbook 
Garner, L. E., Jr. 
Coyne $4.95 


Transistor Circuit Manual 
Lytel, A. 
Sams (1961) $4.95 


Transistor Electronics 
DeWitt, D., and Rossoff, A. L. 
McGraw (1957) $8.00 


Transistor Electronics 
Lo, A. W., and others 
Prentice-Hall (1955) $12.00 


Transistor Engineering Reference 
Handbook 

Marrous, H. E. 

Rider (1957) $9.95 


Transistor Handbook 
Bevitt, W. D. 
Prentice-Hall (1956) $9.00 


Transistor Logic Circuits 
Hurley, R. B. 
Wiley (1961) $10.00 


Transistor Physics and Circuits 


Riddle, R. L., and Ristenbatt, M. P. 


Prentice-Hall (1957) $10.00 


Transistor Projects 


Radio-Electronics Magazine 
Gernsback (1960) $2.90 


Transistors 
Coblenz, A., and Owens, H. L. 
McGraw (1955) $6.50 


Transistors 
Gartner, W. W. 
VanNostrand (1961) $12.50 


Transistors 
Gillie, A. 
Prentice-Hall (1959) $7.95 


Transistors 
Staff-Gernsback Library, Inc. 
Gernsback (1961) $1.95 


Transistors 
RCA Laboratories (1956) $4.50 


Transistors and Active Circuits 
Linvill, J. G., and Gibbons, J. F. 
McGraw (1961) $14.50 
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Transistors and Crystal Diodes 
Bettridge, B. R. 
Wehman (1954) $1.00 


Transistors and Other Crystal Values 
Scott, T. R. 
Oxford U. P. (1955) $7.20 


Transistors and Their Applications in 
TV and Radio-Electronics 
Coyne $1.50 


Transistors in Radio, Television and 
Electronics — 2nd. Edition 

Kiver, M. S. 

McGraw (1959) $7.95 


Transistor Substitution Handbook — 
Revised 
Sams (1961) $1.50 


Transistor Techniques 
Staff-Germsback Library, Inc. 
Gernsback (1956) $1.50 


Transistor Techniques 


Leahrman, H. 
Gernsback (1957) $1.50 


Transistor Technology 

Biondi, F. J., Editor 

Bell Telephone Laboratories 
VanNostrand Vol. 1 &2 $17.50 each 
(1958) Vol. 3 $12.50 


Transistor Theory and Circuits 
Made Simple 

Pollack, H. 

Am. Electronics (1958) $1.75 


Transistor Theory and Practice 
(2nd. revised edition) 

Turner, R. P. 

Gernsback (1958) $2.95 


Transistors Work Like This 
Lehrburger, E. 
Roys Publishing (1957) $2.50 


Tube and Semiconductor Selection 
Guide 

Kroes, T. J. 

Cleaver-Hume (1961) 12s6d 


Vacuum Tube and Semiconductor 
Electronics 

Millman, J. 

McGraw (1958) $10.75 


Vacuum-Tube Circuits and Transistors 
Arguimbau, L. R. 
Wiley (1956) $10.25 
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350 Morris Avenue — Box 2 
Elizabeth, N. J. 
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Tech. & Scientific Lit. Dept. University of Pennsylvania Press 
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Route 9 W. 712 Broadway 
Englewood Cliffs, N. J. New York 3, New York 


Reinhold Publishing Corp. 
430 Park Avenue 
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Additional Book Listings: 


Basic Transistor Course 
Kenian, P. R. 
Gernsback 


Fundamentals of Semiconductors 
Scroggie, M. G. 
Gernsback $2.95 


How to Fix Transistor 
Radios and Printed Circuits — 2 Vols. 
Lane, L. C. 
Gernsback $3.20 per Vol. 
or $5.90 both. 


Servicing Transistor Radios 
D’Airo, L. 
Gernsback $2.95 


Simplified Analysis and Application 
of the Junction Transistor as a 
Circuit Element 

Crib, B. F. 

Philamon Laboratories, Inc. 
(Westbury, L. I., N. Y.) (1957) $ .50 
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TRANSISTOR 
SPECIFICATIONS 


CHAPTER 


INTRODUCTION 


This chapter consists of three parts: 
Part 1 -G.E. TRANSISTOR AND DIODE SELECTION 


Se re Ben te ers MeL Se ge eee Beginning on page 386 
Part 2— G.E. TRANSISTOR AND DIODE OUTLINE 

WV Ge Ec ce ees heey olsen eee Beginning on Page 406 
Part 3 —-REGISTERED JEDEC TRANSISTOR TYPES WITH 

INTERCHANGEABILITY INFORMATION ..... Beginning on page 412 


Part 1 begins with a numerical type index of the more than 280 General Electric 
transistors and diodes as described in the Selection Charts that follow. The index gives 
the page where more complete electrical specifications can be found. Mechanical and 
physical specifications of any General Electric transistor or diode herein listed will be 
found in Part 2, Outline Drawings. Outline drawing numbers appear either directly 
under Selection Chart titles, or directly following the type number. 

Part 3, the Registered JEDEC (Joint Electron Devices Engineering Council) 
Transistor Types Section has been completely revised and brought up to date. The 
chart contains over 1200 transistors numerically listed with pertinent electrical data 
given for each transistor. Comparable General Electric replacement type numbers along 
with outline drawing numbers will be found in the far right column. 

Additional electrical and physical information for any General Electric Transistor 
or Diode is available on individual specification sheets (See Chapter 3). Such informa- 
tion may be obtained on request from the Semiconductor Products Department of the 
General Electric Company. 


TO FIND GENERAL ELECTRIC TURN TO PAGE 


Bre ee gat Tae SUE a oo URN fame ora eee erp Corage ve 27 pag ae ot 386 
SiliGon. Unijunotiony transistors em ic oc 535): bp. nner. FR ees 387 
Silicon Planar Passivated Transistors — TO-5 Pkg..................... 388 
Silicon Planar Epitaxial (PEP) Transistors — TO-5 Pkg............... 389 
Silicon Planar Epitaxial Passivated (PEP) Switches —'TO-18 Pkg....... 390 
Silicon Planar Amplifiers — TO-18 Pkg.............. 02... .c4 ue cuens 390 
Silicon Tlanat) Switenes — TO-1B0PRe NOS a us|) AAD. Re aie a 391 
Silicon Mesa NEN crower: FTANSISCORS. fe rs SS uuegt ese ew sae 392 
Silicon Grown Diffused NPN Transistors.............66-.-.2 0c ee eue 394 
Silicon NPNP Low Current Controlled Switches..................... 396 
Germania MesAr ILGNSIGUONS oy.) is >> abies + noe Une s azar w BS wee 397 
Germanium Alloy. PNP Transistors... 2. 08)... 6.05.0. ST Ts 398 
Gerenanitemn) Auloy INGUIN: PVANSIStORE 7. cinoue 6 s+ 6 -os ememare ts egies wees 400 
Germanium Rate Grown NPN Transistors.................0.000eees 401 
Rein aa ARTIAE SOMMER: oie 2 Hae eer abee.cs ys shores a's | emt Ct ee ee era 402 
TGUNGLNRNOeES) «atte. KoA. 6. ARE yee i HBR Lae ai eee. <a 404 
Baek Dioner... 6 ee: b6 Foto. GRAS oo Ds Sace on SOO. BR ee 405 
Oubline: Drawings aan, neko. G pelars +s ages ows iss ame a ee 406 


Registered JEDEC Transistor Types with Interchangeability Information. 412 


SANE tte SAT REL Me LI 


TYPE INDEX 

TYPE PAGE TYPE PAGE TYPE PAGE TYPE PAGE 
Diodes 2N323* |... 398 2N657........ 392 22NI671A ..... 387 
Sieieb rey «1 on 398  2N657A ...... 392 2NI1671B ..... 387 
Ho et > RR 394 9N696........ 388 2N1694...._.. 401 
moe > a a5, 394 9N697....._.. 868" 'ONI7IT 2 8) 388 
oo gaan i... 394 9N698........ 388 2N1889....... 388 
hos ar i 394 92N699........ 388 2N1890....... 388 
alle po eee 394 2N705........ 397 2NI1893....... 388 
slam a LO... 394 2N706........ 390 2N1994....... 399 
pea aaa Ue. 395 2N706A ...... 390 2NI1995....... 399 
‘eer 40g. 2NSOSA 395 2N708 390 2N1996...._.. 399 
Reco CI Seq. SSSR 395 2N710........ 397 2N1983....... 388 
ee 403, «-2N336 S95), Satine 397 2N1984....... 388 
Bind 4 A 895 ON711A ...... 397 2N1985....... 388 
J a 395 2N711B ...... 397 2N2017_.._. | 392 
ree Y Genesys 305° ONWIG eo)... 391 2N2049....... 388 
a vee | 395. 9N718......... 391 2N2160....... 387 
“4. 2N338A ...... 395 2N718A ...... 391 2N2106....... 392 
; ba aia 9 vies rie ONG77 AST A. 400 2N719........ 391 2N2107....... 392 
} TD-1A ... 404 ongg5 100 400 2N719A ...... 391 2N2108....... 392 
] ptoae sees pe QN388 ......... 400 2N720........ 391 2N2192...__ |. 389 
iw a” ale oss pee 398 2N720A ...... 391 2N2199A ..... 389 
1 ci ie One. s? 398 2N725........ 397 2N2193....... 389 
. ae ER RS ea 398 2N753........ 390 2N2193A ..... 389 
) cee. an. Se 398 2N759........ 390 2N2194...._.. 389 
4A... 2QN396A ...... 898° -SN760 Ge or, 390 92N2194A ..... 389 
ED-5).--. 404 ons97 .. ||.) 308 ONvBL |: 397 2N2195....... 389 
; Ron iets EO rs iin: SOS) ASNT SB aes 5 5: 397 2N2195A ..... 389 
‘ 2N404A ...... 399 2N898....| | 397 2N2196....... 393 
TD-310A . 404 ongi3 ||| 300) ONSS4 fire... 390 2N2197....... 393 
TD-311 .. 404 onaig ||| || 399 2N914........ 390 2N2901........ 393 
| TD-311A . 404 ongo7 || 17) 399 2N9I5........ 390 2N2902....... 393 
TD-311B . 404 onaog ||| sag: ONUIGU* 390 9N2203........ 393 
4JF2-BD-1 .... 405 ongag 1) |||! 401 2N956........ 391 9N2904....... 393 
BD-2 .... 405 onaag |||! 401 2N960........ 397 2N2943........ 389 
| Desa: S00 Onda 399  2N961........ 397 2N2943A ..... 389 
BD-4 .... 405 onagg |||) ||| 387 2N962........ $07" “SNES fee 396 
BD-5 .... 405 onaggq | SBT): SNOGENA oS evcH B07 > SNROM a0 yeat 396 
BD-6 .... 405 onagon ||| |”” $87 2N965........ 307s w BNOQep a ake dee: 396 
BD-7 ..:. 405 -ona90... 11 ||| 987,. QNO66),.2...,. 367° 4098)... es 394 
4JF2-BD-501 .. 405 2N490A ...... SB% INDO... ... 807) A080 2 Gon: 394 
BD-502 .. 405 on490n ||| S87 ONTORY. o.oo: 399 4C30 394 
BD-203 1-405  onagr... |||. 387 2N1086....... ADEs ABBE i eh gi 394 
4JF4-MP-1 .... 403 onagia |) 387 2N1086A ..... 401 4D20 394 
MP-2 .... 403° onagip |||) ** 387 2N1087....... dle ABR a ae! = 394 
MQ-1 .... 403 gna90 ||| 387 2N1097........ Soo” “apes 394 
MQ-2 .... 403 onagoq || 387 2N1098 ........ 30a." aemedis | cox, 394 
F 2N499B ...... 387 2N1121....... 401 ADOBE 6 society 394 
peeve 2N493 ........ 387 2N1144___| SO AIO te 394 
SN4SA) wo... 398 9N493A .. ||. 387 2N1145....... SOOM: Gmeiee Yeah 393 
QN44A 1... 398 9N493B ....._. 387 2N1175* ...... SOD BR ivee BF. ack 393 
ONGSeas. 2... |. 398 9N494..... ||” 387 2N1175A ..... BOD TRON ves a 393 
; Oi 401 2N494A S87 SMNISNT 2 do yop) eae 393 
i 401 9N494B ...... 387 2N1277....... BOSH Ww 7OQe es, DL ads 393 
; QN167A ...... 401 9N497......_. 392 9N1278....... Coe (re 393 
UNTO... .., 401 2N497A .... |, 392 2N1279 S05. “TDi ee 393 
QN169A ...... 401 2N498........ 392 2N1302 4007 TORE. sare 393 
QN186A ...... 398 92N498A ...... 392 2N1303 S00) SIS i fob 393 
QNI187A* ..... 398 92N508* ....._. 399 9N1304....... 6 TE 393 
QN188A* ..... 398 92N594....._|. 399 2N1305 800. #7pe Peas 393 
QN189* ....... 398 92N595........ 399 2N1306....... BOO HTH oedecaeuneret 393 
2N190* ....... 398 2N526........ 399 9N1307....... BOQ) PR is, carn 393 
ONIgis >... 398 2N597........ 399 2N1308....... 400. 7g Ee 393 
QN192* |... 398 2N634........ 400 92NI1413* ||| 800) EEG. mance 393 
QN241A* |... 398 2N634A ...... 400 2N1414* ..... 399 7R4 0 393 
ONGU2°... 5... 401° ON635 400 2N1415* ...... 399 USAF2N167A . 401 
ONDODT os. 401 2N635A 400 2NI1510....... 401 USN2N388 .... 400 

2N319* |... 398  2N636 .. 400 2NI1605....... 400 

2N320* |... 398 2N636A ...... 400 2NI6I3_...... 388 
QN321* |... 398 2N656........ 392 2NI1614....... 399  *See Preferred Types 
2N322* |... 398 2N656A ...... 392 2NI1671....... 387. Chart on Page 122 
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Control 
(4) Ty = 25°C 


ing Circuits 
* One Shot Multivibrators 


* Pulse Generators 


Circuits 

* SCR@) Regulated Power 
Supplies 

* Stable Relaxation Oscil- 
Circuits 


Circuits 


© Lowest Cost SCR) Fir- 


Circuits 
* Hybrid Multivibrator 


lators 


. Stable Time Delay Cir- 


cuits 
* Staircase Wave Genera- 


tors 
* Solid State Time Delay 


Comments 
Applications include the fol- 
fiers 
* Ring Counters 


lowing: 
* High Sensitivity Trigger 


© Regenerative Pulse Ampli- 


¢ Frequency Dividers 
* Sawtooth Oscillators 
Phase 


* SCRG@) 


Min. 
Base One 
Peak Pulse 


Voltage 
Vosi 


(3) See General Electric Silicon Controlled Rectifier Manual 
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Voltage 
Ve (sar) 


x 
3 
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Emitter 
Current 
Ip 


Max. 


See Outline Drawing No. 5 
Peak Point 


(2) See also Chapter 13 


SILICON UNIJUNCTION TRANSISTORS” 
Taz=150eC 


Intrinsic 
Standoff 
Ratio 


=0 


Interbase 
Res 


Resistance 


Vap=3v Iz 


NOTES: () Available as USAF TYPES (MIL-T-19500/75) 
Test conditions in italics 


2N4891) 
2N489A 
2N490()) 
2N490A 
2N491() 
2N491A 
2N491B 
2N492(1) 
2N492A 
2N492B 
2N493(1) 
2N493A 
2N493B 
2N494(1) 
2N494A 
2N494B 
2N1671A 
2N2160 
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OUTLINE DRAWINGS 


250 
185 


:020 MAX —> 
(GLASS EXTENSION) 


DIMENSIONS WITHIN 
JEDEC OUTLINE 
TO=S 


NOTE 1: This zone is controlled for auto- 

matic handling. The variation in actual 

a aed within this zone shall not exceed 
10. 


NOTE 2: Measured from max. diameter of 
the actual device. 


WOTE 3: The specified lead diameter ap- 
plies in the zone between .050 and .250 
from the base seat. Between .250 and .5 
maximum, of .021 diameter is held. Outside 
of these zones the lead diameter is not 
controlled. Leads may be inserted, without 
damage, in .031 holes while transistor 
enters 371 hole concentric with lead hole 
circle. 


APPROX WEIGHT: .O5 OZ 


1.50 
MIN 


045 
020 


[=| 
COLLECTOR 


BASE 


(== | 
EMITTER 


s 


-370 MAX 
-360MIN . 


.335MAX 
-325MIN 


& 


1OOMIN .260MAX 
(NOTE!) .21SMIN 


aH 


1.SMIN 


0 0 ] 


2IOMAX 3 LEADS 
f-“ig0min “| o17 +:002 
¢ -.001 


(NOTE 3) 


THIS LEAD 


i GROUNDED 
LL DIMENSIONS IN INCHES TO HOUSING 
4aset3 
.040 MAX 
O29MIN___) 
(NOTE 2) 
031 t.003 EE bai | 
-375MAX. 
.320 MAX. 
.530 MAX: 
eet tl. 
= 
a .036 MAX. 
emiTteR—+| [ese LEAD Dia.s.o17"*002) {| 
b.04 COLLECTOR 
192 _ 395 MAX: 


406 


DIMENSIONS WITHIN 
JEDEC OUTLINE... TO-33 


WOTE 1: This zone is controlled for auto 
matic handling. The variation in actual 
diameter within this zone shall not exceed 
010. 


MOTE 2: Measured from max. diameter of 
the actual device. 


wore 3: The specified lead diameter ap- 
plies in the zone between .050 and .250 
from the base seat. Between .250 and 1.5 
maximum of .021 diameter is held. Outside 
of these zones the lead diameter is not 
controlled 


B2 
i3 LEAD 
4 
LEAD! 


031 +.003 
NN / 
EMITTER. ..E a ee 
BASE ONE..B! + GOLD LEADS .029(NOTE 2) 


+.002 
BASE TWO..B2) .017 +-997 


(NOTE 3) 


-370 MAX 
DIMENSIONS WITHIN) > 360 MIN 


JEDEC OUTLINE .335 MAX 
r= ces a 325 MIN 


MOTE 1: This zone is controlled for auto: 
matic handling. The variation in actual 
diameter within this zone shall not exceed 
010 


NOTE 2: Measured from max. diameter of 
the actual device. 


ISOMIN .260MAX 
(NOTE!) 250MIN 


wore 3: The specified lead diameter ap (| | La 
plies in the zone between .050 and .250 


from the base seat. Between 250 and 1.5 
maximum of .021 diameter is held. Outside 
of these zones the lead diameter is not 
controlled. Leads may be inserted, without 
damage, in .031 holes while transistor 
enters .371 hole concentric with lead hole 
circle. 


.200+.010-—4 
| 


-3TOMAX 
.360MIN 
335 MAX 
325MIN 


ISOMIN .260MAX 
(NOTE!) .250MIN 


hi) ets de 


4s° 


25MIN 


\3 LEADS 
+.002 

ON ony 
(NOTE 3) 


DIMENSIONS WITHIN 
JEDEC OUTLINE 
TO-5 


WorE 1: This zone is controlled for auto- 
matic handling. The variation in actual 
diameter within this zone shall not exceed 
010, 


WOTE 2: Measured from max. diameter of 
the actual device. 


WOTE 3: The specified lead diameter ap- 
plies in the zone between .050 and .250 
from the base seat. Between .250 and .5 
maximum of .021 diameter is held. Outside 
of these zones the lead diameter is not 
controlled. 
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TRANSISTOR SPECIFICATIONS 


DIMENSIONS WITHIN 
JEDEC OUTLINE 
To-18 


WOTE I: Max. diameter leads at a gaging 
plane .054+ 001.000 below base seat 
to be within .007 of their true location 
relative to max. width tab and to the max. 
230 diameter measured with a suitable 
gage. When gage is not used, measure 
ment will be made at base seat. 


MOTE 2: Lead diameter is controlled in 
the zone between .050 and .250 from the 
base seat. Between .250 and end of lead 
a max, of .021 is held. 


MOTE 3: Calculated by measuring flange 
diameter, including tab and excluding tab, 
and subtracting the smaller diameter from 
the larger diameter, 


APPROX WEIGHT .OI5 OZ 
ALL DIMENSIONS IN INCHES 


x an 
24s ac -325 MIN, 
: MIN ‘ , : 

WOTE 1: Lead diameter is controlled in the 

135 between .050 and .250 from the cap 

MAX a ee pig seat. Between .250 and 1.125 or 

ORIENTATION 7 1.430 a max. of .021 is held. 

RANDOM MOTE 2: Clearance is provided to bend all 
41 
MA: 


020 MAX. 
(GLASS EXTENSION) 


+230 MAX 
-209 MIN 


195 MAX 
78 MIN 


ee TRANSISTOR SPECIFICATIONS 


———————_- 
0 1125 MIN 


leads for overhead circuitry without inter- 
fering with heat sink mounting on chassis, 


ALL DIMENSIONS IN INCHES 
AND ARE REFERENCE 
UNLESS TOLERANCED 


Set 
AIT _ "99 
(NOTE 1) 
029 MIN 
* 
CUT TO 0.200" FOR USE IN SOCKETS 031+,003 
LEADS TINNED DIA. 018 ra 


MOUNTING POSITION - ANY 


WEIGHT: .05 OZ. i 
BASE CONNECTED TO TRANSISTOR SHELL. 45° 
DIMENSIONS IN INCHES. 


a i, 
@ te 


¥ NOTE I Lead diameter is controlled in the | 
“re win ‘ zone between .050 and .250 from the base 
seat. Between .250 and end of lead a max. .330 
021 is held. MAX. 
NOTE 2: Do not attempt to insert a #2-56 
oes “4 stud in excess of .045, ffi 


WOTE 3: Clearance is provided to bend 
base and emitter leads for overhead cir- 
cuitry without interfering with heat sink 


500 MIN mounting on chassis. 1430 


HES 
3 LEADS ALL DIMENSIONS IN INCI 


ase 


1046 MAX 


036 MIN ‘i = 
048 Max yx 


+033 MIN 
(NOTE 3) 
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O19 MAX AND ARE REFERENCE UNLESS 
‘O16 MIN TOLERANCED cea SHB 
(NOTE 2) eens Ae, 9 
.200 .010 
.029 MIN. 
375 ALL DIMENSIONS IN 
MAX. INCHES AND ARE (031t,003 
= REFERENCE UNLESS . pits 
aie TOLERANCED 7. 5 i 
THIS LEAD ie 
GROUNDED 
tas TO HOUSING 


WOTE 1: All leads are protected 
from grounding on mounting panel 
up to 4” thick. Between .250 and 
end of lead a max. of .021 is held. 


1,003 MAX. ame + bj NOTE 2: Clearance is provided to 
DREN 3 LEADS bend all leads for overhead siraty 
O17 +.002 without interfering with heat sin| 
mi 017 Foor mounting on chassis. 
6882 002 (NOTE 1) F Fi NOTE 3: All dimensions in inches 
- and are reference unless toleranced. 
— le.030 

3 LEADS, 

00 

N 031+. O17 + 008 


(NOTE 1!) 


-505 MAX, 
497 MIN, 


128 
(2 HOLES) 


NOTE I: Lead diameter is controlled in the zone between .050 and .250 from the 
base seat. Between .250 and end of lead a max. of .021 is held. 
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TRANSISTOR SPECIFICATIONS [Ss 


NOTE 1: Lead diameter is controlled in the 
zone between .050 and .250 from the cap 
or base seat. Between .250 and end of 
lead a max. of .021 is held. 


NOTE 2: Provision is made for the device 
to be electrically insulated from mounting 
surface as shown below. For this service 
a clearance hole of .281 is recommended. 


NOTE 3: All exposed metal parts, including 
hardware, but not including leads, are 
nickel plated. 


TYPICAL INSULATED MOUNTING (NOTE 2) 


BRASS NUT 
BRASS WASHER 
MICA WASHERS 
PANEL 
TEFLON SPACER 


(3 LEADS 90° APART) 


ALL DIMENSIONS ARE REFERENCE UNLESS TOLERANCED 


1.250, .285. 1,250, 


MIN 
@ GOLD PLATED 
LEADS 


-020 +.001 DIA: 


CATHODE END NOTE: 
ALL DIMENSIONS 


IN INCHES 


105 DIA MAX 


eae eae gg 


670 MIN Bet 670 MIN 
iin 050 A 
eo UJ 0030 + 0005 
Se /_ st 
NEGATIVE POSITIVE 
035 TYP 


LEAD 008 LEAD 


ALL DIMENSIONS IN INCHES 
DIMENSIONS ARE REFERENCE UNLESS TOLERANCED 
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TRANSISTOR SPECIFICATIONS 


==] 
totitt | fo 


= 480 
—7 <3 

|. DIMENSIONS ARE NOMINAL (INCHES) 

2. DOTS OR LINE INDICATE CATHODE END 


3. LEADS ARE GOLD PLATED, DIAMETER 
-020 * .0OI, SPACING .100 NOMINAL 


@ = 
bs 


zo 


0000 
1D 


.020 020 -020 
+.002 +.002 +.002 ‘ 
—.001 1,000 JOOMAX- 1,000 -.001 -.001 1,000 JOOMAX- 1,000 -.001 


MIN, MIN. 
@... DIMENSIONS IN INCHES. ® ALL DIMENSIONS IN INCHES, 


DIMENSIONS ARE REFERENCE UNLESS TOLERANCED. 


DIMENSIONS ARE REFERENCE UNLESS TCLERANCED. 


.085 MAX 
-075 MIN COLOR CODE FOR 
POSITIVE NEGATIVE TYPE DESIGNATION 
ELECTRODE 030 ELECTRODE (COUNTER-CLOCKWISE ) 
+ 
; 145 MAX 
a2 MIN -!47MAX 00MIN 
$ 
HORIZONTAL 
CONTACT 
SURFACES 
NOTES: 
|. ALL_ DIMENSIONS IN INCHES. 
2. DIMENSIONS ARE REFERENCES UNLESS TOLERANCED. 
3. WELD FLASH ALLOWED (THIS IS NOT A CONTACT SURFACE). 


4 INSULATION - 00 NOT ALLOW CLAMPS. 
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Si—Silicon High Temperature Transistors (all others germanium) 
Closest GE types are given only as a general guide and are 
based on available published electrical specifications. However 
General Electric Company makes no representation as to “ 
accuracy and completeness of such information. Since manu- 
facturing techniques are not identical, the General Electric 
Company makes no claim, nor does it warrant, that its trans- 
istors are exact equivalents or replacements for the types 
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ADDENDU 


OUTLINE DRAWINGS 


.230 MAX 
:209 MIN 20 


OTE i: Max. diameter leads at a gaging 
plane .054+.001—.000 below base seat 
to be within .007 of their true location 


gage. When gage is not used, measure: 
ment will be made at base seat. 

2: Lead diameter is controlled in 

zone between .050 and .250 from the 

base seat. Between .250 and end of lead 
a max. of .021 is held. 
moe 3: Calculated by measuring flange 
diameter, including tad and excluding tab, 
and subtracting the smaller diameter from 
the larger diameter 


3 LEADS 

APPROX WEIGHT .015 OZ (NOTE!) ~ 019 MAX 
\ 

t 

' 

' H 


ALL DIMENSIONS IN INCHES O16 MIN 


(NOTE 2) 


B2 
LEAD! LEAD 4 
€ 


THIS LEAD 
GROUNDED 
TO HOUSING 


8 
LEAD 2 
EMITTER.....E w ' 
BASE ONE....BI | 
BASE TWO...B2 
046 MAX 


048 MAX O36 MIN 
032 MIN 
(NOTE 3) 


21 }— 


335 MAX 

wa 25MIN > 
weTE 1: This zone is controlled for auto- t 
matic handling. The variation in actual ISOMIN, 
diameter within this zone shall not exceed KNOTE Noe omax 
010. ‘240MIN 
WOTE 2: Measured from max. diameter of 
the actual device, 
wort 3: Leads having maximum diameter 15 MIN 


(.019) measured in gaging plane .054-- 
{001 —.000 below the base of the device 
shall be within .007 of their true locations 
telative to a maximum width tab. 


ALL DIMENSIONS IN INCHES 


STO MAX aa | 
T36OMIN 
22 — 
S25MIN 
MOTE Is This zone is controlled for auto- i 
matic handling. The variation in actual 50MIN 
diameter within this zone shall not exceed \INOTE Noe omax 
"240MIN 


010. 


woTE 2: Measured from max. diameter of 

the actual device. 

wore 3: Leads having maximum diameter 
(,019) measured in gaging plane .054-+ 
001 — .000 below the base of the device 
shall be within .007 of their true locations 
telative to a maximum width tab. 


ALL DIMENSIONS IN INCHES 


% COMMON WITH TAB 


NOTE: BOTH 2-LEAD AND 3-LEAD VERSIONS ARE 
AVAILABLE, SUFFIX DESIGNATION DETERMINES 
NUMBER OF LEADS. i.¢.118554-2 (2-LEAD) 


MOTE 1. The specified lead -»| .185 MAX fe 


diameter applies to the zone 
between .050 and .250 from f 
the base of the seat. Be- 260 
tween .250 and end of lead MAX 
a maximum of .021 diam- e's 
eter is held. Outside of these 075 
zones the lead diameter is MAX 
not controlled. 
500 
MIN. 
ALL DIMEN. IN INCHES { ekg 
3 LEADS .017 1:00? | 050+.005 
(NOTE !) 100 +.005 
.205MAX 135 MAX 
CF 64} ae oO 
3 ta] a) eS oO 
te 20 af — 900 =} ht 


1. DIMENSIONS ARE NOMINAL (INCHES) 
2. DOTS OR LINE INDICATE CATHODE END 


441 


8 ma 


50ma_ () In=0.4 ma, Ic= 


3 ma, Ic= 


Approx. TO -18 case size (@) @5V (3) @10V Is 
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purpose 


g oscillator, ampli- 


fier, and converter, circuits 


Low cost, general 
below 1 Kmc. Subminia- 
ture axial package. 


switchin, 


Typical Resistive 
Cutoff Frequency 
fro 
Kmc 


Negative 
mhos X 10-3 
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‘C. Each pair is also matched for dynamic peak point current to within 1% at frequency of 10 


TUNNEL DIODES‘ 
MATCHED PAIRS 


Capacitance 


MAXIMUM 


Valley Point 


Peak Point 
Current 
Ip 
ma 


lectric Tunnel Diode Manual. 


E 
within 5 mv over the temperature range of 15°C to 55° 


Matched pairs of TD-1, 2, and 3. (Tunnel Diodes). 
megacycles. 


©) See General 
Drwg. 
No. 


NOTES 
Type 


INDEX 


Abnormal transistors, 318 
inspections and measurements for, 318 
Absolute temperature (T), 66 
Acceleration factor, (A), 315 
definition of, 316 
chart, 317 
Acceptors, 7, 10, 15 
Addendum, 441 
Alloy transistor, 20, 25 
Alpha, 12, 65 


Alpha cutoff oa (fntv), 13, 19, 21, 40 


Aluminum, 3, 16. 
electrical resistance of, 3 
“a”? matrix 
definition of, 50 
interrelation of, 52 
parameters of, 59, 61 
Amplifier, (Ir) 
automatic volume control, (AVC), 143 
auxiliary AVC, 144 
emitter current control, 143 
operation, 142 
typical circuit, 142 
Amplifiers, see also Circuits 
biasing, see Biasing 
class A driver stages, 116 
class B, 130, 208 
driver stage, 208, 209, 210 
emitter follower, 130 
gain, evaluation of, 203 
input resistance, (Rin), 113 
Oe Re driver, 209 
maximum AC power output, 113 
modified class B, 208 
negative feedback, see Feedback 
output power, (Po), 115 
output stages, servo, 210 
power, 130 
power gain, 115, 116 
preamplifiers, 206, 207, 208 
servo amplifier, 213 
servo motor drive stages, 210, 211, 212 
silicon, 113 
“Stable” 400 cycle driver, 210 
10 watt high fidelity, 134 
12 watt high fidelity, 137 
AM tuner, see Tuners 
Anticipated performance of device, 298 
Anode, 11 
Assurance, statistical, 37 
Atoms, 3 
Bohr models of, 4 
central core, 4 
covalent bond, 5 
germanium, 4 
kernel, 4 
makeup of, 4 
nucleus, 4 
silicon, 4 
valence bands, 4 
Audio amplifiers, design charts 
power gain of class A a 120, 121 
power gain of class B push-pull ‘amplifiers, 
118, 119 
selection of output transformer for Class A 
amplifiers, 120 
selection of output transformer for Class B 
push-pull amplifiers, 117 
Audio amplifiers, see Amplifiers 
Autodyne converter 
circuits, 141 
operation, 141 
typical circuit, 141 
Automatic gain control, (AGC), 143 
Automatic volume control, (AVC), 143 
Automotive ignition information, 373 
Avalanche, 31, 33 
breakdown, 220 
multiplication, 11 
voltage, 11 


Back diodes, 
characteristics chart, 405 
Bandwidth, due to feedback, 203 


SS EE i ET a eee 


Base 
emitter voltage (VBE), 81, 96 
minority carrier trapping, 306 
saturation (VBE(SsAT) ), 35, 36 
voltage (Vps), 24 
Beta (8), 12, see ‘also Current gain, Forward 
current transfer ratio 
Bias 
forward, 11 
of P-N junction, 11 
of transistor, 12 
reverse, 11 
Biasing, 101 
DC amplifiers, 105, 106 
factors to consider, 101 
single transistor stage, 102, 103, 104, 105 
stage pair (2 transistors), 206, 207 
unfiltered supply, 210 
Bibliographies, location of, 379 
Binary numbers, 188 
addition, 188 
compared with decimal, 188 
counting, 189 
counting to various radices, 189 
division, 188 
multiplication, 188 
subtraction, 188, 189 
Binistor, see SCS 
Blackbox (B-B), 47 
concept, 47 
examples of B-B, 47 
“H”’ parameter measurements of B-B, 53 
impedance parameters of, 48 
in cascade, 50 
in parallel, 49 
parallel inputs and series outputs, 51 
series inputs and parallel outputs, 51 
Blocking voltage or current, see SCS anode to 
cathode characteristics 
Bohr, Neils, 3 
Boltzmann’s constant, 66 
Book listings, 379-382, 384 
Book publishers, 383-384 
Boolean algebra, 175, 182 see also Logic, 
Binary numbers 
definitions, rules, 177 
Breakdown characteristics 
of P-N junction, 31 
of planar epitaxial, 31 
of alloy transistor, 33 
Breakdown region, 31 
Breakdown voltage (BV), 11, 39, 43, 220 
BVcro, 22, 37, 296 
BVcro, 32, 39, 296, 309 
BVcer, 33, 39 
BVces, 33, 39 
BVcerv, 39 
BVcex, 39 
BVerno, 39 
BVr, 39 
Bulk resistance, 214 


Capacity (C) 
collector junction (Con), 22, 94 
emitter junction (Cin), 94 
parameters, 39 
Carriers, 8 
Carrier phase shift due to transformer 
coupling, 209 
Cathode, 11 
Characteristic charts, see Transistor and 
Diode selection charts 
Charge control analysis 
use of to predict transient response, 89-95 
parameters defined, 91 
parameter measurement, 270 
Charge distribution in transistor during 
switching, 90 
Charge, in junction Set Fr regions 
base gradient (Qn), 91, 
collector (Qc, 95°): 89, 91. 94, 95 
emitter (QE), 95 
excess base jhexk 91 
Charge inter-relationships, 92 


Charge parameters 
in triggering flip-flops, 166 
Charge, time constants 
active region lifetime (7a), 91, 92 
collector (te), 91, 92 
lifetime in saturated region (rT», Ts), 91, 92 
Choppers, see Teeth 
Choppers, transistor 
eneral, 214 
alf-wave, 214 
series, 215 
series, shunt, 216 
shunt, 216, 217 
source impedance effects, 216 
Circuits 
alarm (SCS), 359, 360 
amplifier (1 transistor), 371 
amplifier (2 transistor “‘battery saver”), 371 
amplifier (R-C coupled), 113 
amplifier (10 watt power), 130 
amplifier (12 watt power), 137 
amplifiers (audio), see Chapters 8 and 9 
automobile signal minder, 378 
bass boost (audio), 129 
bistable element (SCS), 364 
bistable indicator lamp driver, 172 
code practice oscillators, 371, 372, 377 
counter (500 KC-shift register flip-flop), 160 
controlled rectifier trigger, 194, 197 
flashers, 374 
flip-flop, 199 
flip-flop (non-saturated), 159 
flip-flop (saturated), 155, 156 
flip-flop (500 KC counter-shift register), 160 
flip-flop (30 MC saturated), 158 
frequency divider, 197 
high fidelity, 125-140 
inverters, 278, 279 
lamp driver (SCS), 359 
level detector (SCS), 359 
light flasher, (high power), 373 
logic, 186 
logic (basic), 179 
logic using parallel transistors, 178 
memory element (bistable), 364 
metronome (UJT), 372 
multivibrator (astable ), 170 
multivibrators (bistable, flip-flop) 
counter, 160, 168 
lamp driver, 172 
saturated, 156 
SCS, 364 
shift register, 160 
unijunction, 198, 199 
30 MC, 157 
multivibrator (monostable), 171 
NOR (basic), 181 
oscillators (SCS), 360, 361 
oscillators (variable frequency), 199 
phono amplifiers (6, 9 and 12 volt), 122-124 
power supply, 27 
preamplifier (high fidelity), 126 
preamplifier (tape), 139 
pulse amplifier (SCS), 361 
pulse coincidence detector (SCS), 365 
pulse generator, 194, 197 
pulse generator with 0.5 amps in 25 nsec, 172 
pulse sequence detector (SCS), 364 
receiver (citizen’s band), 370 
receiver (high fidelity ), see Tuners 
receiver (1 transistor), 369 
receiver (2 transistors ), 369 
receiver (3 transistors ), 369 
receiver (3 transistor reflex), 148 
receiver (4 transistor reflex), 149 
receiver (6 transistors — 6 volt), 150 
receiver (6 transistors — 9 volt), 151 
receiver (6 transistors — 12 volt), 152 
relaxation oscillator (UJT), 194 
ring counter 
complementary transistor circuit, 173 
SCS, 365, 366 
with visual readout, 173 
sawtooth wave generator, 194, 196, 361 
Schmitt triggers, 169 
Schmitt trigger (SCS), 363 
shift register (SCS), 367 
Stereophonic Music System, 132, 140 
amplifier, 130, 134, 137 
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Stereophonic Music System (continued) 
power supply, 132, 136, 277 
preamplifier, 126, 139 

staircase wave generator, 197 
square wave generator, 200, 278, 360 
tachometer (ultra-linear ), 373 
time delay generator (SCS), 363 
time delay (gate actuated), 362, 363 
time delay relay, 198 
timing (time delay), 194, 198, 199 
transistor test sets, 375, 376 
tuner (AM), 154 
tuner (FM), 153 
tunnel diode parasitic detector, 377 
voltage comparator, 77 
voltage sensing, 196 
voltage sensing (SCS), 359 

Circuit, design of 
basic transistor bias circuits, 102 
bootstrapped amplifiers, 106 
common emitter direct coupled amplifier, 105 
direct coupled amplifier, 106 
single audio stage, 113 
transistor bias circuits, 102 
two stage R-C coupled audio stage, 113 
voltage divider bias circuit, 104 
voltage divider circuit with feedback, 105 

Circuit margins, 297 

Collection, 12 

Collector 

characteristics, 73 
current (maximum ), 34 
saturation voltage (Vcr (sav) ), 35 
voltage (Vcr), 44 
Common base (CB) 
circuit configuration, 13, 54 
hybrid equivalent circuit, 56 
“T” equivalent circuit, 56 
Common collector (CC ) 
circuit configuration, 54, 67 
emitter follower, 13 
Common Emitter (CE) 
circuit configuration, 13, 54, 67 
input impedance of, 56 
Complementary circuits 
ring counter, 173 
SCS analog, 338 
switching, 172 
Computer 
analog, 155 
digital, 155 
see Binary numbers 
see Boolean algebra 
see Logic 
see Multivibrators 
Conduction, 7 
in N-type and P-type semiconductors, 10 
in a PN junction diode, 11 
in an NPN junction transistor, 12 

Conductivity, control of, 8 

Contaminants, entrapped, 306 

Control, audio 

bass (see Circuits, Bass boost) 

level (audio), 128 

loudness, 128 

treble (see Equalization, Treble ) 
Converter, see Autodyne converter 
Crystal, 15 

diamond lattice, 5 

growing furnace, 17 

perfect, 5 

polycrystals, 5 

purified, 5 

seed, 16 

single, 5 

structural irregularities (grains, grain 

boundaries ), 5 

surface structure, 5 
Cumulative failure function — F(t), 311 
Current gain, 63 

AC common base (hr» as function of 

frequency ), 87 

DC common emitter (hre), 77, 78, 79 

variation with temperature, 79 

hr, 296 

hte, hrr, 12, 33, 40, 219, 296, 304, 308, 309 

hie, 219 
Cut-off current, 45 
Czochralski method (crystal growing), 16 
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Date coding of transistor, 294 
DC amplifiers, biasing of, 105, 106 
DC currents (In, In, Ic), 66 
Delay time 
definition of, 82 
prediction of, using charge control, 92, 94 
prediction of, using equivalent circuit, 87 
Depletion layer capacitance, 45 
Detector, see Autodyne converter 
second detector operation, 145 
typical circuit, 145 
DCTL, 96, 184, (see Logic) 
instability in, 81 
Deactivation and isolation of semiconductor 
surface, 290, 291 
Decimal multipliers, 39 
Delay generators, see Time delay circuits 
Depletion layer, 11 
Derating, 297 
Design charts, audio amplifiers, 116-121 
Desired percentage of accuracy, 23: 
Detergent pressure bomb, 304 
Device reliability, 292 
Device selection, 297 
Diamond, 3 
lattice, 5 
Diffusion, 12 
Diffusion capacitance, 45 
Diffusion and drift, 9 
diffused charges, illustrated, 10 
Diode 
avalanche voltage, 11 
breakdown voltage, 11 
destruction of, 11 
leakage current, 11 
outline drawings, 410, 411 
reverse characteristics, 220 
selection charts, 402-405 
Diode clamps 
diode-resistor, 97, 98 
silicon-germanium diode, 99 
Diodes, silicon planar epitaxial 
AC characteristics, 284 
advantages of, 281 
breakdown voltage of, 283 
capacitance of, 284 
construction, 281, 282 
curve for determining reverse recovery, 285 
DC characteristics, 284 
dynamic resistance of, 283 
effective lifetime of carriers, 287 
forward characteristic, 282 
forward recovery time, 284 
multiple assemblies, 287 
rectification efficiency, 284 
reverse current, 283 
reverse recovery time, 284 
transient thermal resistance, 284 
Distortion, crossover, 131 
Direct coupled amplifier, 371 
Direct coupled transistor logic (see DCTL ) 
Donor, 7, 10, 15 
Double base diode, see Unijunction transistor 
Drift, see Diffusion and drift 
Driver stages, class A and B 
design of, 116 
design of single ended output, 115 
design of class B push-pull, 114 
practical circuits, 122-124, 371 
“Dry-box” areas, 293 
dV/dT, 235. 236, (see also Silicon controlled 
switch — rate effect) 
Dynamic impedance, 68 


Ebers & Moll equations, see Large signal basic 
equations 

Electron 
covalent bondage, 5 
electron-pair bond, 5 
energy of, 4 
free, 4 
mass of, 4 
orbits, 4 
relationship with nucleus, 4 
valency, 4 

Electronic charge, 66 

Emitter 
current control, 143 


Emitter (continued) 
“floating potential’”’ test, 34 
follower, see Common collector 
reverse current (Ino), 194 
saturation voltage (Vncsat) ), 194 
time constant (Tr), 13 
Emitter leakage (Ino), 65, 194, 220 
Encapsulation, 23 
flaws, 304 
Entrapped 
contaminants, 306 
foreign gases, 306 
Epitaxial films, 22 
Equivalent circuit 
use of to predict transient response, 86, 87-89 
Equalization, treble, 127, 128 
Experimenter’s circuits, 369 
Exponential distribution, 311, 312 


Failure (of semiconductor) 
distribution models, 312 
distributions, 310 
generalized, 313 
mechanisms, 303 
putting failure distribution to work, 315 
rates, 300 
rate observations, 314 
tests to isolate causes of, 310 

Fall time, 36 
definition of, 84 
prediction using 

charge control, 92 
equivalent circuits, 88 
graphical analysis, 88 

Faraday, Michael, 

Feedback, (see also Feedback, negative) 
AC, 127 
black-box concept of, 60, 61 
current, 125 
DC, 130 
local, 125, 131 
loop, 62 
negative, 125, 127, 131 
positive, 131 
unilateralization of, 62 
voltage, 128 
voltage feedback ratio, 53, 62 

Feedback, field service, 318 

Feedback, negative 
general derivation, 203 
in amplifiers, 204, 205 

voltage feedback, 204 
current feedback, 205 

Fernico, 290 

Fixed-bed construction, 21, 26 

Flashers, 374 

Flip-flop, 199 (see also Circuits) 

Floating potential, 45 

Floating zone technique (crystal growing), 16 

FM tuner, see Tuners 

Forward current transfer ratio, 54 

Forward voltage, 46 

Four-layer diode, see SCS 

“Freaks,” 318 
screen sequence for, 318 

Free electrons, 7, 8, 10 

Free holes, 8, 10 

Frequency cutoff, see Symbols, fit» 

“go” parameters, 51 
definition of, 51 
matrix interrelation of, 52 


Gamma radiation, degradation from, 309 
Gases, entrapped foreign, 306 
Gates, see Logic 
General Electric Company, SPD 
Advertising & Sales Promotion, I 
Application Engineering, I 
General Electric manuals, 2, 14 
semiconductor products, 385-405 
Germanium, 3, 15 
electrical resistance of, 3 
impurity of, 3 
lattice structure, 6 
natural state of, 3 
pure, structure of, 5 
purification of, 16 
R/CMS, 3 
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Germanium transistor specification charts 
alloy NPN, 400 
alloy PNP, 398 
mesa, 397 
rate grown NPN, 401 
Getter, 290 
Grains and grain boundaries, see Crystals 
Grease, 306 
“Gross” leakers, 304 
Grounded base, see Common base 
Grounded collector, see Common collector 
Grounded emitter, see Common emitter 
Grown diffused transistor, 18, 26 


Hard breakdown, 31 
Hard solder, 24 
Heatsink (radiator), 80, 133 
silicone dielectric grease, 134 
“th” parameters, 51, 238, 247 
conversion formulae “‘h”’ parameters and “T” 
equivalent circuit, 55, 56 
definition of, 51, 54 
ho» — typical value, 58 
hu — (a) — input impedance, 53 
hiz2 — (hr) — reverse voltage transfer ratio, 53 
he: — (hr) — forward voltage transfer ratio, 54 
hee — (ho) — output admittance, 54 
matrix interrelation of, 52 
measurements of black-box characteristics, 53 
uses of “h” parameters, 62 
hte, hrs, etc., see Current gain, Symbols 
High frequency parameters (y and h), 62 
High fidelity circuits, see Circuits 
High temperature 
bake, 291 
storage, 306 
Helium, 305 
Hermetic seals, 290 
Fernico, Kovar, Rodar, 290 
Holding current, see SCS anode to cathode 
characteristics 
Holes, 7 
Hot spots, 308, 309 
Hybrid timing circuits, 199 


Ico, see Leakage current, Symbols 
IF amplifier, see Amplifier (IF ) 
Ignition information, automotive, 373 
Impedance 
effects of feedback on, 203 
input, 53, 63 
matched, 63 
saturated dynamic, 68 
Indium, 16 
Injection, 12 
Inspection and control of device, in process, 293 
decrease in reliability, 293 
importance of, 293 
Inspection and measurements, 318 
Instantaneous failure rate — Z(t), 311 
Interbase modulated current (Ip2(moa) ), 194 
Interbase resistance, (Rep), see Unijunction 
Internal contaminants, 306 
Intrinsic standoff ratio (7), see Unijunction 
Inverted connection, 67 
cutoff operation, 69 
saturated operation, 67, 68 
Inverter 
AC to DC, see Power supply 
DC to AC (parallel), 278 
DC to DC, 278, 280 
drive, 279 
parallel, 278 
square wave, 278 
Ionic conduction, reliability, 307 
Jonization energy, 7 
Isolation of semiconductor surface, 291 


JEDEC, 385 

JEDEC transistor types, 412 
abbreviations, 440 

Joint electron devices engineering council, 

see JEDEC 

Jonec-K company, 154 

Junction, 11 

Junction formation, 16, 18 
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Junction formation (continued) 
by alloying, 18 
by diffusion, 18 
by rate growing, 18 
Junction imperfections, 308 
Junction temperature, 297 
determining, 236 


K (Boltzmann’s constant), 66 
Kovar, 290 

Kovar seals, 24 

“Krypton 85,”’ 304 


Lamp 
incandescent 
driver, 171, 172, 359, 360 
in ring counter, 173 
Large signal 
basic equations, 66 
basic test circuits for, 229 
characteristics, 47 
definitions, 229 
operation in active region, 67 
operation in cutoff region, 69 
operation in saturated region, 67, 68 
offset voltage, 68 
dynamic impedance, 68 
Large signal parameters, 65, 66 
definitions, 65, 66 
symbols, 65, 66 
Large signal useful relationships, 69, 70 
base input characteristics, 70 
collector leakage currents, 69, 70 
voltage comparator, 71 
Leakage current, 11, 31, 33, 36, 65, 75, 76, 77, 
296, (see also Ico) 
collector, 67, 70 
component parts of, 76, 77 
effects of inversion layers, 305 
Iczo in silicon planar devices, 36 
Ico, 157, 183 
in SCS, 343, 352, 357 
variation with temperature, 77 
Leak detection, 304 
Life test data, 320-333 
Lifetime, 7 
Literature and references, 2, 14, 62, 71, 90, 
140, 146, 201, 217, 256, 280, 287, 
334, 379-384 
Logic, types of 
core-diode, 186 
current mode, 186 
DCTL, 96, 180, 184 
diode, 184 
diode-transistor, 186 
low level, 184 
RCTL, 183, 184 
RTL, 184 
tunnel diode, 186 
4-layer device, 186 
Logic, see Boolean algebra, see Binary numbers 
conjunctives, 175 


gates 
AND, 176, 365 
design of, 181 
example of, 178, 179 
NOR, 178, 181 
OR, 176 
inversion, 180 
truth table, 175 
Lognormal distribution, 311, 312, 321 
“Long-tail pair” driver, 209 
Lot sampling, manufacturing, 294 


Manufacturing atmosphere, purity of, 293 
Matched power gain, 62 
Material electrical flaws, 308 
Mathematics of failure distributions, 311 
Matrices (Z, Y, h), 238 
Matrix theory, 47 
equation, 48, 49 
expansion of, 50 
interrelations of parameters, 52 
multiplier matrix, 50 
multiplying several matrices, method, 60 
summing of terms, 49 


Measurements, transistor, 219 

breakdown voltage (BVcs, BVcr), 223, 224 
BVcro techniques, 220 
broadband, 246 
charge control Ta, Tv, Caz, Qn*, 270, 276 
clamp circuits, 226 
(DPA-), 238 
frequency fae, fneb, ft, 250, 252 
general (difficulties in measuring), 244 
hrv, 239, 250 
hre, 242, 243, 250 
hre, alternate measurement, 245 
hrs, 229 
hip, 238, 247 
hie, 240, 247 
hov, 240, 248, 249 
hoe, 242, 249 
hrv, 239 
hre, 241, 243 
leakage current (Ics, Ice), 222, 223, 226, 227 
input impedance (hip, hie) 

200 ke to 5 me, 246 

1 ke to 100 mc, 247 
30 me & higher, 248 

junction temperature (Ty), 233, 236 
noise factor (F), 261 
output admittances (hob, hoe) 

200 ke to 5 me, 248 

500 ke to 200 me, 248 

30 me and up, 249 

power gain (@). 256 
quasi grounded emitter circuit, 240 
small signal, linear, 219 
small signal, audio, 238 
VcE(saT), 232 


1 + hero, 244 
Mechanical ruggedness of semiconductor, 290 
Median life (e# ), 312 
Mesa transistor, 21, 27 
Metal diffusion, 290, 309 
Metronome, 372 
Mica, 3 
electrical resistance of, 3 
Minuteman program, VII, 319 
reliability objective, VII 
screening tests, 319 
Mixer, see Autodyne converter 
Modulus of failure (M), 315 
chart, 317 
definition of, 316 
Moisture, see Leakage current, Internal 
contaminants 
Multivibrator design 
detailed procedure, 161 
saturated, 155 
unsaturated, 158 
Multivibrators, see also Time delay circuits, 
Circuits 
astable, 170, 172 
free running, 279 
hybrid, 199, 279 
monostable, 170 
non-symmetrical, 199, 201 
one-shot, 199, 200 
symmetrical, 199, 200 
synchronized, 199, 279 
unijunction, 198 
unsymmetrica], 199, 201 
Multivibrator, triggering, 156, 166 
amplifier, 168 
base, 167, 168 
capacitive, 166 
collector, 167, 168 
design, 155 
diode, 167, 168 
emitter, 156, 167 
hybrid, 159, 169 
on vs. off, 166 
power, 166 
recovery, 167 
repetition rate, 167 
sensitivity, 169 
steering circuits, 166, 167 
time constant, 167, 169 


N-channeling, 307 
Neutralization, 259 


Noise, audio 
level of, 127 
signal-to-noise ratio (S/N), 128 
Noise figure (NF), 43, (see also Noise 
measurements) 
Noise measurements, 261 
noise figure (NF), 262 
equivalent noise current and noise voltage, 
264 
equivalent noise circuit, 267 
noise current equivalent circuit, 268 
noise analyzer, 269 
Non-linear characteristics, 47 
distortion due to, 47 
Normal connection, 67, 68 
saturated operation, 67, 68 
cut-off operation, 69 
NPN transistor, 12, 67 
N-type semiconductor, model, 7 


Offset voltage, 68, 214 

of matched transistors, 215 
One-shot, see Multivibrators 
Operating biases for reliability, 296 
Oscillator, see Autodyne converter 
Outgassing, 306 
Outline drawings, transistor packages, 406 
Output admittance (hz), 54 

output admittance (Yo), 63 

matched (Yom), 63 


Passivated device, 22 
Passivation, 290, 291 
Peak point 
current, 46 
current (Ip), sce Unijunction 
emitter voltage (Vp), 194 
voltage, 46 . 
Peak-to-valley ratio, 46 
Percentiles, 321 
definition of, 321 
example of, 321 | 
Perfect insulator, 5 
Phonograph pick-up, 47 
Planar epitaxial passivated silicon diode, 
see Diodes 
Planar passivated transistor (Ico), 77 
Planar transistor, 22, 23, 27 
Polycrystals, 15 
Polyethylene, 3 
electrical resistance of, 3 
Power amplifiers 
thermal runaway, 111, 112 
transistor bias dissipation, 111 
Power gain, 256 
high frequency, 260 
IF power test, 259 
measurement circuits, 258 
measuring power gain, 257 
neutralization, 259 
neutralized, 256 
problems of gain measurement, 257 
unilateralized, 256 
Power gain, class A audio amplifier, 116 
Power gain cut-off frequency, 45 
Power gain (G), low frequency, 63 
matched (Gm), 63 
matched unilateral (Gmu), 63 
Power supply 
DC regulated, 277 
DC unregulated, 132, 136 
DC to AC, see Inverter 
DC to DC, see Inverter 
frequency changer, 278 
Power supply 
unfiltered supply, use of, 211 
Power supply for stereo system, 132, 136 
PN junction, 11 
PNP transistor, 67 
Preamplifier, 125 
functions, 125 
microphone (magnetic), 126, 128 
NPN, 139 
phono (magnetic cartridge), 126 
phono (piezoelectric pickup), 128 
tape, 126, 139 
tuner, 126, 128 
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Preamplifiers, 206 
400-cycle preamplifier, 206, 208 
two-stage class “‘A”’ push-pull driver, 209 
Preferred transistor types and substitution 
chart, 122 
Probability density function of time to 
failure — f(t), 311 
Properties of the terminated four-terminal 
network, 58 
P-type semiconductor, 8 
Publishers, semiconductor books, 383-384 
Pulse times defined, 44 
Punch-through, 34 
measurement of, see Vrr 


Qs (base charge), 13 
(see also Charge) 
: Quality control, 294 


Radiation, semiconductor susceptibility to, 309 
Radiflo, 304 
Radio receivers, 148-154, 369, 370 
/ (see also Circuits) 
Rate effect, see Silicon controlled switch 
Rate grown pellet, 20 
Reach-through voltage (Vrr), 34, 45 
: measurement of, 225 
Readers’ list, 379-384 
| Receivers, see Radio receivers, Circuits, Tuners 
| AGC, 143 
| AM tuner, 147 
| autodyne converters, 141 
auxiliary AVC systems, 144 
AVC, 143 
complete circuits, 148 
: component information, 154 
| detector stage, 145 
: FM tuner, 147 
IF amplifiers, 142 
: reflex circuits, 146 
»| Recombination, 7 
References, sce Literature and references 
| Reflex circuits 
? operation, 146 
reflex receivers, 148, 149 
typical circuit, 146 
Relaxation oscillator, 194 
i applications, 194 
conditions for oscillation, 194 
frequency of oscillation, 194 
pulse amplitude, 195 
sawtooth waveform, 194, 195 
temperature compensation, 194 
Reliability, 24, 289, 334 
} achieving, 289 
application for, 294 
automatic recording monitors, 293 
base minority carrier trapping, 307 
basic problems of, 289 
circuit configuration, 296 
circuit margins, 297 
definition of, 289 
design for, 290 
detergent pressure bomb, 304 
device selection, 297 
environment, 293 
environmental conditions, 295 
failure analysis, 310 
feedback, 290, 292 
finished products quality appraisal, 294 
foreign gases, 306 
hermetic encapsulation, 291 
hermetic seals, 290 
high temperature, 306 
high temperature bake, 291 
humidity cycles, 304 
in-process inspection and control, 293 
internal contaminants, 306 
ionic conduction and corrosion, 307 
leak detection, 304 
materials, 292 
manufacturing precautions, 298 
measuring, importance of, 289 
operating biases, 296 
outgassing, 306 
passivation of surface, 290 
quality control, 294 
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Reliability (continued) 
reduction of critical processing, 291, 292 
screening, 294 
surface contaminants, 291 
thermal resistance, 290 
tools, 293 
tracer gas, 304 
workmanship, 292 
Reliability data 
for typical transistor types, 320 
on a germanium PNP alloy transistor, 322 
ona nope NPN grown diffused transistor, 
on a germanium PNP mesa transistor, 327 
on a silicon NPN diffused planar passivated 
transistor, 332 
Reliable design, examples of (device), 25, 26, 
27, 291 
Reliability function — R(t), 311 
Reliability, improving, 310 
acceleration factor, 315 
assurance, 319 
“burn-in,” 315, 319 
modulus of failure, 315 
plotting of, 321 
response surface relationship, 317 
screening, 318 
Reliability, measuring, 299 
acceptance tests, 302 
bonded warehouse, 303 
future trends, 303 
past practice, 303 
reasons for, 300, 301, 302 
sampling, 301 
stress levels, 302, 303 
test time, 301 
Reliable performance of semiconductors, 295 
Replacement transistors, see Transistor inter- 
changeability information 
Resistance, bulk (body), 68, 69 
collector bulk resistance, 68, 69 
emitter bulk resistance, 68, 69 
measurement technique, 68, 69 
Response surface relationship, 317 
feedback, field service, 318 
Reverse bias, 31 
Reverse voltage transfer ratio (hi2), 53 
Rise time, 36 
definition, 83 
prediction, using 
charge control, 92 
equivalent circuit, 87 
graphical analysis, 87 
Rodar, 290 


Saturation 
circuits for avoiding, 159, 160, 182 
definition of, 84 
prevention of, 97 
resistance, 46, 73, 80 
resistance in planar epitaxial transistor, 73 
voltage, 46, 74, 80, 81, 96 
voltage variation with temperature, 81 
Sawtooth wave generator, 196 
SCS, see Silicon controlled switch 
characteristic chart, 396 
Screening, reliability, 318 
for “freaks,” 318, 319 
inspections and measurements, 318 
techniques in manufacturing, 294 
Semiconductor, 3 
abuse of, 298 
failure of, see Failure 
failure rates, 289 
first contribution to, 1 
first transistor, 1 
future of, 1 
handling of, 298, 299 
high speed diode, 1, 281 
impurities, 3 
lead bending, 299 
lead cutting, 298 
life tests, 289 
mechanical ruggedness, 290 
materials chart, 9 
matter, 3 
progress, 1 
R/CM§&, 3 


Semiconductor (continued) 
reliability of, 289 
single crystal material, importance of, 3 
soldering of, 299 
solid-state, 3 
stability of, 291 
surface protection, 290 
symbols, 2 
terminology, 2 
theory of, 1-13 
thermal ruggedness, 290 
transients, 299 
tunnel a, uM 2 
types, see Symbo 
ultrasonic cleaning, 298, 299 
“wear-out” of, 289 
Servo amplifier, see Amplifiers 
Servo motor drive circuit, 211 
Shift register, 160, 189, 367 Sa 
Schmitt trigger, 169, 363, see Multivibrators 
Signal diodes, see Silicon signal diodes 
Silicon, 3, 15 
electrical resistance of, 3 
impurity of, 3 
natural state of, 3 
pure. structure of, 5 
purification of, 16 
R/CM¢S, 3 
Silicon controlled rectifier, 2, 336, 342 
Silicon controlled switch, (SCS) 
applications, see Circuits | 
anode-to-cathode characteristics, 338, 340, 
341, 351 
capacitance, 350 
comparison with 
binistor, 344, 360, 365 
complementary SCR, 342, 359, 361, 363, 
366, 367 
SCR, 341, 359, 364 
transwitch, 343 
trigistor, 343 
unijunction, 344, 360, 362, 366 
4-layer diode, 343, 361 
condensed description, 335 
construction, 337, 348 
gate characteristics 
blocking characteristics, 340, 348 
Ga, 347 
Ge, 347 
reverse blocking characteristics, 341, 348 
in logic, 186 
measurement 
dynamic breakdown, 357 
leakage, 357 
on Tektronix Model 575 Curve Tracer, 355 
partial switching, 340 
rate effect, 347, 350, 357 
SCR triggering, 344 
symbols, nomenclature, 2, 336, 345 
thermal characteristics, 338, 342 
transient response 
recovery time, 353, 354, 358 
turn-on time, 352 
triggering methods, 339, 342 
turn-off 
gain, 343, 349 
principle, 340 
turn-on (triggering), 348, 349 
principle, 339 
Silicon grown diffused NPN transistors 
characteristics chart, 394 
Silicon NPNP low current controlled switch 
characteristics chart, 396 
Silicon planar passivated amplifiers 
characteristics chart, 390 
Silicon planar epitaxial passivated high speed 
switches, characteristics chart, 390 
Silicon planar epitaxial passivated transistors 
characteristics chart, 389 
Silicon planar passivated switches 
characteristics chart, 391 
Silicon planar passivated transistors 
characteristics chart, 388 
Silicon signal diodes, 281 
characteristics chart, 402 
Silicone dielectric grease, 134 
Silver, 3 
electrical resistance of, 3 


Silver sulphide, 1 
experiments with, 1 
temperature coefficient, 1 
Single-shot, see Multivibrators — monostable 
Small signal amplifiers 
biasing of, 47 
examples of IF, RF, servo, 47 
Small signal characteristics, 47 
bias conditions, 47 
biasing for low distortion, 47 
defined, 44 
operation defined, 53 
parameter variations of current and voltage, 57 
parameters defined, 46 
restrictions of, 56 
small signal mode definition, 47, 53 
Small signal formulae 
current gain, 63 
impedance of load, 63 
input impedance, 63 
matched output admittance, 63 
matched output impedance, 63 
matched power gain, 63 
matched unilateral power gain, 63 
operating power gain, 63 
output admittance, 63 
output impedance of generator, 63 
voltage gain, 63 
“Snow white” areas, 293 
Soft breakdown, 31 
Solid state, 3 
electrical conduction through solid, 3 
matter, 3 
microcosmos, 3 
space, 3 
Space charge neutrality, 8 
Stability data, presentation of, 321 
Stabilization 
beta (hre), 127, 135 
temperature, 127, 130, 131, 135, 156, 
157, 180 
Steady state characteristics, 75-81 
Stereophonic system, see Circuits 
Storage time, 36 
definition, 84 
prediction of using, 
charge control, 91, 92 
equivalent circuit, 88. 89 
graphical analysis, 89 
Stresses, device, 303, 315, 316 
chart, 317 
Structural flaws, 303 
“Sustaining” voltages, 32 
Switch, transistor 
approx. of transient times, 87 
as closed switch, 67, 68 
as open switch, 69 
circuit techniques, 96 
delay time, 82 
ideal, 73 
rise time, 83 
speed, 81 
storage time, 84 
typical circuit, 75 
Switching characteristics, 36 
Switching techniques 
DCTL flip-flop, 96 
collector current clamp, 97 
collector current clamp using silicon and 
germanium diodes, 99 
collector voltage clamp, 97 
Symbols, see also Pages 38-46 
ai, a2, az1, az2 (parameters), 50 
BV (breakdown voltage ), 39, 43 
Con, 22, 39, 94 
fnrn, (fa) (cut-off frequency), 13, 19, 21, 40 
ft (gain bandwidth product frequency), 40 
G (gain), 40 
gui, giz, g21, gee (parameters), 51 
h parameters, 40 
hr; (forward current transfer ratio), 40, 
219, 296 
hre (DC current gain), 12, 33, 40 
hij (input impedance), 40, 219 
hoj (output admittance), 40 
hrj (reverse voltage transfer ratio), 40 
hu, hie, hei, hee (parameters), 53 
In, Ic, Iz (DC currents), 41, 66 
In, Ic, Ie (RMS currents), 41 
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Symbols (continued) 

Inz(mod), 194 

in (base current), 41, 219 

Jc Max characteristics, 230 

ie (collector current), 41, 219 

Ico (leakage current), 24, 32, 33, 34, 41, 
65, 69, 70, 76, 77, 101, 144, 220, 
304, 306, 307, 308 

ie (emitter current), 41 

Ino, 41, 65, 194 

Iv (peak point current), 41, 193 

Iv (valley point current), 42, 194 

NF (noise figure), 43, 262 

qa (electronic charge), 66 

Rs, Re, Re, 65 

Tb, re, re (device resistance), 56, 219 

rp’ (base spreading resistance), 42 

Rup (base-to-base resistance), 193 

rce(saT), 42, 80 

Rcsat), 228 

Ta, Ts, Tsta (temperature), 42, 43, 233, 
234, 237 

tp, ta, tr, ts, tt, tw (transient response 
times ), 36, 44, 82 

Var (temperature coefficient of), 101 

Vascsav), Vor(sat), Ves(sat), (saturation 
voltage), 22, 35, 36, 46, 81, 194, 
228, 296, 304 

Vcr, Vcr, Ves, 12, 66, 296 

Vcro, Veno, 31 

Vcc (supply voltage), 12 

Vcro, Veer, Vers, Vcrx, 32 

Vr (peak point voltage), 43, 46, 194 

Vrrt (reach-through voltage), 34, 41, 43 

Vy (valley point voltage), 43, 46, 194 

yu, yi2, y21, yee (parameters), 49 

Zu, Zi2, Z21, Z22 (parameters), 48 

aie (current generator), 56 

at (inverted alpha), 65 

an (normal alpha), 65 

B (current gain), 12 

» (intrinsic standoff ratio), 42, 193 

rT ( or epi time constants defined ), 

oc (collector junction bias), 66 

ox (bias across emitter junction), 66 

@ja (thermal resistance), 236, 237 

Or (thermal resistance), 304 

Symbols, semiconductor device, 2 

backward diode, 2 

binistor, 345 

breakdown diode, 2 

diodes, 2 

explanation of parameter symbols, 38-46 

field effect transistor, 2 

four-layer diode, 343 

NPNP, 2 

NPN tetrode, 2 

NPN transistor, 2 

PNPN switch, 2, 339 

PNP tetrode, 2 

PNP transistor, 2 

rectifier, 2 

SCR (silicon controlled rectifier), 2, 336, 342 

SCS (silicon controlled switch), 2, 335, 336 

semiconductor devices, 2 

signal diode, 2 

symmetrical diode, 2 

transwitch, 343 

trigistor, 343 

tunnel diode, 2 

unijunction transistor, 2, 191, 344 

zener or breakdown diode, 2 

zener or symmetrical, 2 


T (absolute temperature), 66 
“T” equivalent circuit, 54, 55, 56 
Tachometer, see Circuits 
Tantalum capacitors, series resistance, 212 
Teeth, see Choppers 
Temperature coefficient 
emitter-base junction (Vre), 101 
leakage current (Icro), 101 
Temperature of junction (Ts), 233 
determining, 236 
test circuit for measurement of, 234 
temperature derating curve, 234 
thermocouple placement, 237 
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Terminal! voltages, 66 
Test set, transistor, 375, 376 
Thermal 
fatigue, 304 
generation of electron-hole pairs, 7 
impedance, 233 
mass, 338 
ratings, 34 
response time (yr), 44 
time constant (yt), 44, 79 
Thermal resistance (6), 44, 290, 337 
determining from junction to sink, 237 
transient, 338 
Thermal ruggedness of semiconductor, 290 
Thermal runaway, 79, 220 
in linear circuits, 110, 111, 112 
in switching circuits, 109, 110 
Thevenin’s equivalent of noisy amplifier, 264 
“Throw-away” design, 295 
Time delay 
circuits, 170, 362 
relay, 198 
Timers, see Time delay circuits, Multi- 
vibrators 
Tracer gas, 304 
Transformer coupling 
carrier phase shift, 209 
Transients, 74, 297 
response characteristics defined, 81-85 
response times, 36, 44, 82 
Transient response prediction 
using charge control analysis, 89-95 
using diffusion equation, 95 
using equivalent circuit, 86-89 
Transistor 
absolute maximum values, 28 
action, 11, 12, 13 
active operation, 66, 67 
alloy, 19, 25 
alpha, 12, 65 
areas of operation, 66 
as a switch, 73 
base, 11 
base input characteristics, 70 
bias circuit design, 103 
bias voltages, 66 
biasing of, 101 
breakdown characteristics of PN junction, 31 
cap, 23 
circuit configurations, basic, 13 
collector, 12 
construction techniques, 15 
conductivity, 7 
crystal heating, 7 
cut-off characteristics, 36 
cut-off operations, 66, 69 
DC characteristics, 35 
DC currents, 66 
definition of terms, 43, 46 
dissipation, 34, 109, 111 
dissipation with unfiltered supply, 211 
electrical characteristics, 35 
electrical resistance of (R/CM®), 2 
emitter, 11 
encapsulation, 23 
first used, 1 
fixed-bed construction, 21, 337 
forward biased, 66 
free electron, 7 
future of, 1 
generic characteristics, 37 
grown diffused, 18, 26 
abt junction, 20 
eat sink (dissipator or radiator), 133 
high fidelity circuits, 125 
high frequency instability (audio), 125 
high frequency characteristics, 36 
holes, 7 
impurities, 7, 9 
preamplifiers, 125 
interchangeability information, 412, 439 
internal resistance, 65 
invention of, 1 
inverted alpha, 65 
ionization energy, 7 
T-V characteristic of PN junction, 28 
junction formation, 16 
large signal characteristics, 65 
leakage currents, 65 


Transistor (continued) 
life expectancy, 24 
lifetime, 7 
manufacturing, 15 
maximum operating frequency, 19 
mesa construction, 21, 27 
metal preparation, 15 
metal purification, 16 
microalloy, 19 
microalloy diffused, 19 
nature of, 219 
nomenclature, 38 
normal alpha, 65 
normal bias conditions, 219 
NPN, 11, 12 
outline drawings, 406, 409 
paralleling, 137 
parameters, 65 
planar construction, 22 
planar epitaxial collector breakdown 
characteristics, 32 
power capability, 133 
practical, 7 
preferred types and substitution chart 
(audio), 122 
recombination, 7 
reverse bias of, 31 
saturation operation, 66, 67 
selection charts, 387-401 
signal, 219 
specification sheet, typical, 28, 29 
specifications, 385-440 
switching characteristics, 36 
symbols of, 2 
temperature, 35 
terminal voltages, 66 
thermal impedance or resistance, 133 
thermal generation of electron hole-pairs, 7 
unijunction, 191, 387 
voltage, 28 
Transistor, at high frequencies, 12, 13 
alpha cutoff frequency (a), 13 
diffusion constant (D), 13 
high frequency capabilities, 13 
Transistor measurements, see also Measurements 
audio, 238 
base error terms, 253 
breakdown voltage, 220, 223, 224 
broadband measurements, 246 
charge control, 270 
collector error terms, 253 
common base configuration, 238, 246 
common collector configuration, 243 
common emitter configuration, 240 
DC current measurement, 226 
DC tests, 221-232 
error terms in hte measurements, 254 
forward current ratio, 250 
hre test set, 255 
high frequency small signal, 246 
leakage currents, 222 
noise, 261 
power gain, 256 
precision and accuracy, 219 
reverse diode characteristics, 220 
small signal, 219, 238 
temperature, 233 
tester (circuit), 375, 376 
Transistorized equipment, see Circuits 
automatic telephone exchanges, 1 
control systems, 1 
digital computers, 1 
hearing aids, 1 
“pacemaker,” 1 
portable radios, 1 
satellites, 1 
telemetering transmitters, 1 
Transwitch, see SCS 
Trigistor, see SCS 
Tuners 
AM tuner circuit, 154 
circuit operation, 147 
FM tuner circuit, 153 
circuit operation, 147 
Tunnel diodes 
characteristics chart, 404 


Type index, General Electric diodes and 
transistors, 386 


Unijunction transistor, see also Circuits, SCS 
characteristics, 192 
construction of, 191 
cut-off region, 193 
emitter reverse current (Izo), 194 
emitter saturation voltage (Ve (sat), 194 
features of, 191 
frequency of oscillation, 194 
(frequency of oscillation nomogram, 195 ) 
interbase modulated current (In2(moa)), 194 
interbase resistance (Ran), 193 
intrinsic stand-off ratio (7), 193 
negative resistance characteristics, 192, 193 
parameters (definition and measurement), 193 
peak point current (Ip), 193 
peak point emitter voltage (Vr), 194 
relaxation oscillator, 194 
saturation region, 193, 194 
saturation voltage, see Emitter saturation 
voltage 
specification chart, 387 
temperature compensation, 194, 197 
temperature stability, 197 
test circuits, 193 
theory of operation, 191 
timing circuits, see Circuits 
types, 191, 387 
valley current (Ivy), 194 
valley voltage (Vv), 194 
UJT, see Unijunction transistor 


Valence 
band, 4 
electrons, 4 
electron energy, 4 
Valley 
current (Iv), 194 
point current, 46 
point voltage, 46 
voltage (Vv), 194 
Vendor control, 292 
Visual inspection, 318 
Voltage, see Symbols 
Voltage, breakdown 
absolute maximum, 30 
avalanche, 31 
base floating, 32 
base reverse biased, 32 
base shorted, 32 
collector base, 31 
collector-to-emitter, 32 
compound junction, 31 
emitter base, 31 
hard, 31 
punch-through, 34 
single junction, 30 
soft, 31 
sustaining, 32 
Ver(satT), 35 
Vcr (saT), 
zener, 31 
Voltage gain (Av), 63, 113 
Voltage comparator, 71 
Voltage sensing, 196 


Weibull distribution, 311, 312, 321 
“Worst case” design, 297 


“Y” parameters 
admittance parameters, 49 
amplifier, 61 
matrix interrelation of, 52 


“Z”” parameters, 48 
impedance parameters matrix, 48, 49 
matrix interrelation of, 52 

“zener” breakdown, 31 

Zone refining, 15 


